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Introduction

UHD Journal of Science and Technology (UHDIJST) is a semi-annual journal published by the
University of Human Development, Sulaymaniyah, Kurdistan Region, Irag. UHDJST member of
ROAD, e-ISSN: 2521-4217, p-ISSN: 2521-4209 and a member of Crossref, DOI: 10.21928/issn.2521-
4217. UHDIJST publishes original research in all areas of Science, Engineering, and Technology.
UHDIJST is a Peer-Reviewed Open Access journal with Creative Commons Attribution Non-
Commercial No Derivatives License 4.0 (CC BY-NC-ND 4.0). UHDJST provides immediate, worldwide,
barrier-free access to the full text of research articles without requiring a subscription to the journal,
and has article processing charge (APC). UHDIST applies the highest standards to everything it does
and adopts APA citation/referencing style. UHDJST Section Policy includes three types of
publications: Articles, Review Articles, and Letters.

By publishing with us, your research will get the coverage and attention it deserves. Open access
and continuous online publication mean your work will be published swiftly, ready to be accessed
by anyone, anywhere, at any time. Article Level Metrics allow you to follow the conversations your
work has started.

UHDIST publishes works from extensive fields including, but not limited to:

e Pure Science

e Applied Science
e Medicine

e Engineering

e Technology

Scope and Focus

UHD Journal of Science and Technology (UHDIST) publishes original research in all areas of Science
and Engineering. UHDJST is a semi-annual journal published by the University of Human
Development, Sulaymaniyah, Kurdistan Region, Iraq. We believe that if your research is scientifically
valid and technically sound then it deserves to be published and made accessible to the research
community. UHDIJST aims to provide a service to the international scientific community enhancing
swap space to share, promote and disseminate the academic scientific production from research
applied to Science, Engineering, and Technology.

SEARCHING FOR PLAGIARISM

Plagiarism Policy: The UHD Journal of Science and Technology is committed to upholding the
highest standards of academic integrity and originality. As such, we do not tolerate plagiarism in
any form. Authors submitting manuscripts to the journal must ensure that their work is entirely
original and properly cited. Plagiarism, including self-plagiarism and the use of verbatim text from
other sources without appropriate attribution, will result in immediate rejection of the submission.
To maintain the integrity of scholarly research, all submissions undergo rigorous plagiarism checks
using industry-standard software. Authors found to have engaged in plagiarism, at any stage

before publication of the manuscript - before or after acceptance, during editing or at page proof
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stage, will be barred from submitting to the journal in the future. By submitting their work to the
UHD Journal of Science and Technology, authors affirm that their manuscript is their own original
work and that any borrowed content is properly cited.

Section Policies

. Peer Open
No. Title Reviewed Indexed Submission

Articles: This is the main type of publication that
UHDJST will produce b M [

Review Articles: Critical, constructive analysis of the
2 | literature in a specific field through summary, o = o
classification, analysis, comparison.

Letters: Short reports of original research focused on
3 | an outstanding finding whose importance means that = o o
it will be of interest to scientists in other fields.

PEER REVIEW POLICIES

At UHDJST we are committed to prompt quality scientific work with local and global impacts. To
maintain a high-quality publication, all submissions undergo a rigorous review process.
Characteristics of the peer review process are as follows:

e The journal peer review process is a "double-blind peer review".

¢ Simultaneous submissions of the same manuscript to different journals will not be tolerated.

e Manuscripts with contents outside the scope will not be considered for review.

o Papers will be refereed by at least 2 experts as suggested by the editorial board.

¢ Inaddition, Editors will have the option of seeking additional reviews when needed. Authors
will be informed when Editors decide further review is required.

e All publication decisions are made by the journal's Editors-in-Chief on the basis of the
referees' reports. Authors of papers that are not accepted are notified promptly.

¢ All submitted manuscripts are treated as confidential documents. We expect our Board of
Reviewing Editors, Associate Editors and reviewers to treat manuscripts as confidential
material as well.

o Editors, Associate Editors, and reviewers involved in the review process should disclose
conflicts of interest resulting from direct competitive, collaborative, or other relationships
with any of the authors, and remove oneself from cases in which such conflicts preclude an
objective evaluation. Privileged information or ideas that are obtained through peer review
must not be used for competitive gain.

e Our peer review process is confidential and the identities of reviewers cannot be revealed.

Note: UHDIJST is a member of CrossRef and CrossRef services, e.g., CrossCheck. All manuscripts
submitted will be checked for plagiarism (copying text or results from other sources) and self-
plagiarism (duplicating substantial parts of authors' own published work without giving the
appropriate references) using the CrossCheck database. Plagiarism is not tolerated.



For more information about CrossCheck/iThenticate, please visit
http://www.crossref.org/crosscheck.html.

OPEN ACCESS POLICY

This journal provides immediate open access to its content on the principle that making research
freely available to the public supports a greater global exchange of knowledge.
Open Access (OA) stands for unrestricted access and unrestricted reuse which means making
research publications freely available online. It access ensures that your work reaches the widest
possible audience and that your fellow researchers can use and share it easily. The mission of the
UHDIJST is to improve the culture of scientific publications by supporting bright minds in science and

public engagement.

UHDIST's open access articles are published under a Creative Commons Attribution CC-BY-NC-ND
4.0 license. This license lets you retain copyright and others may not use the material for commercial
purposes. Commercial use is one primarily intended for commercial advantage or monetary
compensation. If others remix, transform or build upon the material, they may not distribute the
modified material. The main output of research, in general, is new ideas and knowledge, which the
UHDIST peer-review policy allows publishing as high-quality, peer-reviewed research articles. The
UHDIJST believes that maximizing the distribution of these publications - by providing free, online
access - is the most effective way of ensuring that the research we fund can be accessed, read and
built upon. In turn, this will foster a richer research culture and cultivate good research ethics as
well. The UHDIJST, therefore, supports unrestricted access to the published materials on its main
website as a fundamental part of its mission and a global academic community benefit to be

encouraged wherever possible.

Specifically:

¢ The University of Human Development supports the principles and objectives of Open
Access and Open Science

o UHDIST expects authors of research papers, and manuscripts to maximize the opportunities
to make their results available for free access on its final peer-reviewed paper

¢ All manuscript will be made open access online soon after final stage peer-review finalized.

e This policy will be effective from 17th May 2017 and will be reviewed during the first year of
operation.

e Open Access route is available at http://journals.uhd.edu.ig/index.php/uhdjst for publishing
and archiving all accepted papers,

o Specific details of how authors of research articles are required to comply with this policy
can be found in the Guide to Authors.
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ARCHIVING

This journal utilizes the LOCKSS and CLOCKSS systems to create a distributed archiving system
among participating libraries and permits those libraries to create permanent archives of the journal

for purposes of preservation and restoration.

LOCKSS: Open Journal Systems supports the LOCKSS (Lots of Copies Keep Stuff Safe) system to
ensure a secure and permanent archive for the journal. LOCKSS is open source software developed
at Stanford University Library that enables libraries to preserve selected web journals by regularly
polling registered journal websites for newly published content and archiving it. Each archive is
continually validated against other library caches, and if the content is found to be corrupted or lost,

the other caches or the journal is used to restore it.

CLOCKSS: Open Journal Systems also supports the CLOCKSS (Controlled Lots of Copies Keep Stuff
Safe) system to ensure a secure and permanent archive for the journal. CLOCKSS is based upon the
open-source LOCKSS software developed at Stanford University Library that enables libraries to
preserve selected web journals by regularly polling registered journal websites for newly published
content and archiving it. Each archive is continually validated against other library caches, and if the

content is found to be corrupted or lost, the other caches or the journal is used to restore it.

PUBLICATION ETHICS

Publication Ethics and Publication Malpractice Statement

The publication of an article in the peer-reviewed journal UHDIJST is to support the standard and
respected knowledge transfer network. Our publication ethics and publication malpractice
statement is mainly based on the Code of Conduct and Best-Practice Guidelines for Journal Editors
(Committee on Publication Ethics, 2011) that includes;

e General duties and responsibilities of editors.
e Relations with readers.

e Relations with the authors.

e Relations with editors.

e Relations with editorial board members.

e Relations with journal owners and publishers.
e Editorial and peer review processes.

e Protecting individual data.

e Encouraging ethical research (e.g. research involving humans or animals).
e Dealing with possible misconduct.

e Ensuring the integrity of the academic record.
e Intellectual property.

e Encouraging debate.

e Complaints.

e Conflicts of interest.
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ANIMAL RESEARCHES

For research conducted on regulated animals (which includes all live vertebrates and/or
higher invertebrates), appropriate approval must have been obtained according to either
international or local laws and regulations. Before conducting the research, approval must
have been obtained from the relevant body (in most cases an Institutional Review Board, or
Ethics Committee). The authors must provide an ethics statement as part of their Methods
section detailing full information as to their approval (including the name of the granting
organization, and the approval reference numbers). If an approval reference number is not
provided, written approval must be provided as a confidential supplemental information file.
Research on non-human primates is subject to specific guidelines from the Weather all
(2006) report (The Use of Non-Human Primates in Research).

For research conducted on non-regulated animals, a statement should be made as to why
ethical approval was not required.

Experimental animals should have been handled according to the highest standards dictated
by the author’s institution.

We strongly encourage all authors to comply with the 'Animal Research: Reporting In Vivo
Experiments' (ARRIVE) guidelines, developed by NC3Rs.

Articles should be specific in descriptions of the organism(s) used in the study. The
description should indicate strain names when known.

ARTICLE PROCESSING CHARGES
UHDJST is an Open Access Journal (OAJ) and has article processing charges (APCs). The published articles can
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ORIGINAL RESEARCH ARTICLE

An Image Analysis for Designing an
Optimal Stirrer in Metal Matrix Composites

Manufacturing

F - dasl
UNIVERSITY OF HUMAN DEVELOPMENT

Farooq Muhammad, Prof. Dr. Muzhir Shaban Al-Ani, Hamsa D. Majeed

Department of Information Technology, College of Science and Technology, University of Human Development, Kurdistan

Region, Iraq

ABSTRACT

The global market for aluminum-based composites, widely used in manufacturing and construction, is expected to grow
significantly. However, enhancing the cost-to-performance ratio is essential to improving their commercial viability. Efficient
mixing plays a critical role in many industrial and chemical applications. Stir casting is the leading method for producing
aluminum alloy matrix composites, but achieving a uniform particle distribution remains a significant challenge. In this
study, the optimal stirrer design was identified using image processing techniques to analyze the distribution of ceramic
grains. The stirrer that achieved the most uniform grain distribution was selected, eliminating the need for destructive
testing. The mechanical properties of the final products validated the accuracy of the image analysis results.

Index Terms: Aluminum Alloy Matrix Composites, Cost-to-performance ratio, Mixing Performance, Stir Casting,
Ceramic Reinforcement Particles, Stirrer Design, Image Processing, Mechanical Properties

1. INTRODUCTION

As energy shortages and environmental pollution risks
increase, the demand for stronger, lighter, and more
environmentally friendly materials continues to grow.
Aluminum alloy ceramic matrix composites are extensively
used across various industries and are expected to expand
turther as efforts to protect the environment and reduce fossil
fuel usage intensify. Stir casting, also known as the vortex
process, is widely recognized as an economical method for
producing metal matrix composites. However, achieving
mixing homogeneity remains a significant challenge, heavily
influenced by stirrer design. In this study, the authors isolated

E-ISSN: 2521-4217
P-ISSN: 2521-4209

DOI: 10.21928/uhdjst.vOn1y2025.pp1-9

Copyright © 2025 Muhammad, et al. This is an open access article
distributed under the Creative Commons Attribution Non-Commercial
No Derivatives License 4.0 (CC BY-NC-ND 4.0)

the effect of stirrer design by keeping other key variables —
stirring time, stirring speed, and stirrer position — constant,
thereby eliminating potential interference or interaction
effects from these factors. These parameters were fixed as
follows: Stirring time at 60 s, stirring speed at 240 rpm, and
stirrer position at two-thirds of the crucible height. This
approach allowed the exclusive evaluation of the stirrer
design’s function. Fig. 1 provides a flowchart summarizing the
research methodology used to achieve the study’s objectives.

Using image processing to assess the uniform distribution
of solid particles in liquids at elevated temperatures, before
solidification. Accurately measuring particle distribution in
high-temperature fluids presents considerable difficulties
due to several key challenges. These include the requirement
for sensors that can withstand high temperatures, real-
time, non-destructive measurement techniques capable of
providing sufficient penetration depth, and the ability to
monitor dynamic changes in particle distribution amidst
stirring and thermal fluctuations. Traditional methods such
as microscopy are inadequate due to their destructive nature.

Corresponding author’s e-mail: Faroog Muhammad, College of Science and Technology, University of Human Development, Kurdistan

Region, Iraq. E-mail: farooq.muhammad@uhd.edu.iq
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Al16063 alloys
\ 4
1* Reinforcement Stir Casting 274 Reinforcement
SiC particles Process at Silica sand particles
750 + 30°C

A 4

Producing of Al 6063 Alloy Matrix Composites by Two
Different Stirrers Designs

Helical Stirrer with a
cvlindrical shaft

Helical Stirrer with a
helical shaft

Visualization Approach

= .

Numerical Approach

54

Al16063 Alloy and Aluminum Matrix Composites Ingots Evaluations

Microstructure Analysis:

Mechanical Properties Test
"’ ’
Tensile strength Hardness

W

Optical microscope— SEM
- ANSYS -CFX
-Image process-MATLAB

Optimal Stirrer Parameter

Fig. 1. Diagram of the research work.

Potential alternatives, including high-temperature ultrasound,
electromagnetic methods, and specialized optical techniques,
each possess their limitations and drawbacks. As such, image
processing emerges as a promising alternative deserving
further exploration and evaluation.

2. RELATED WORK

Digital image processing (DIP) technology has significant
potential in particle mixture analysis. Nowadays, surface
analysis has many applications across various fields, and one
important area is material surface analysis [1]. Proposed a
model where a color histogram was implemented to analyze
particle mixtures in fluidized beds. The proposed method
serves as a proof of concept, demonstrating that mixing
particles changes the color distribution of the image and
can be used to evaluate the quality of the mixing process.
The results show that particle mixing alters the histograms
of images taken at different times, providing an interesting
avenue for exploring automatic particle mixing techniques
based on image processing. On the other hand [2], [3],

proposed an approach in which texture-based image
processing plays a more prominent role than standard image
enhancement. This method facilitates the detection of small
obstacles during surface preparation by making individual
features and surface details more visible. Various algorithms
and mathematical models were applied to compare different
image surfaces. In addition, statistical measures were used to
evaluate the performance of this approach, further validating
its effectiveness in surface analysis [4] studied the effects of
adding micro, nano, and hybrid particles in a 1:1 ratio of
Al203 and TiO2 to epoxy resin on thermal conductivity. The
study analyzed samples before and after immersion in 0.3 N
HCl acid for 14 days, considering weight fractions of 0.02,
0.04, 0.06, and 0.08, with a thickness of 6 mm. Image analysis
techniques were employed to evaluate the homogeneity of
the mixtures, highlighting the practical application of DIP
in material science.

An analysis and comparison of the image analysis approach

with other existing methods are necessary to evaluate the
homogeneity of mixing in a moving casting. The selection

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1
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of an appropriate method depends on several factors. These
include particle properties such as size, shape, density, and
concentration; fluid properties such as viscosity, density,
and surface tension; type of mixing equipment, including
mixer type, design, and operating conditions; required level
of accuracy and sensitivity; and available resources and
expertise. This research focuses on finding non-destructive
tests. Even if we assume that destructive tests are acceptable,
microscopic analysis, as one of the destructive tests, has
limitations. It is time-consuming and provides data only from
limited sample areas. It is time-consuming and provides data
only from limited sample regions [5].

3. METAL MATRIX COMPOSITES

In 2022, the market for metal matrix composites (MMCs)
was valued at USD 211.3 billion. It is projected to grow
significantly, reaching USD 369.3 billion by 2032, with an
annual growth rate of 6.40% during the forecast period
from 2023 to 2032. The increasing demand for lightweight
materials in the automotive and aerospace sectors is expected
to be a key driver of this market growth. Fig, 2 illustrates the
projected trend for MMCs in the coming years.

Aluminum matrix composites (AMCs) use pure aluminum
or an alloy as the matrix and are becoming more popular in
industrial applications due to their outstanding mechanical
and tribological properties. The properties of Al alloys might
be greatly tailored by adding ceramic reinforcing particles by
stir casting. AA 6003 ingot was chosen as a matrix alloy which
was analyzed carefully by using an X-MET8000 Handheld

XRF analyzer and the compositions of the used material are
shown in Tables 1-4.

In previous work [11], the visualization procedure was
performed using two stirrer designs: A helical stirrer with a
cylindrical shaft (D4) and a helical stirrer with a helical shaft
(D5), as shown in Fig. 3. A glass jar, similar in dimensions to
a graphite crucible, was filled with fluids of varying viscosities
— water (low viscosity) and engine oil (high viscosity) — to
simulate the stirring process of molten aluminum and SiC or
silica particles. The jar had a height of 150 mm and a diameter
of 100 mm. A 1% volume fraction of real micro-sized SiC
and silica particles was added to the fluid, and stirring was
conducted using an SEI-WA MG-915 radial drill connected
to different stirrer designs. The stirring speed was set at
240 rpm, with the stirrer positioned at 30% of the crucible’s
height from the base. Images were captured immediately after
removing the stirrer following a constant holding time of 60's
of stirring. The images, taken from the open top of the jar,
minimized glare issues caused by the glass. This visualization
experiment was repeated under consistent conditions for all
five stirrer designs: Single-blade, double-blade, multi-stage
stitrer, helical stirrer, and helical stitrer with a helical shaft, as
shown in Figs. 4 and 5. Both stirrers (D4 and D5) were used
to mix a 0.05% volume fraction of SiC particles and silica
sand particles (50—80 microns in size) under two conditions:
Once with one liter of water and then with one liter of engine
oil. The mixing was conducted for 60 s at a stirring speed
of 250 rpm, with the stirrer operating within the top two-
thirds of the glass jar’s height. Images were captured from
the open top portion, as shown in Fig. 6, to ensure clarity

Existing Methods Description Limitations References
Visual Inspection Observing the distribution of particles with the naked eye  Subjective and lacks quantitative [6]
or using optical devices. accuracy.

Conductivity Measuring the electrical conductivity of the mixture, Limited Sensitivity to Certain [7]
Measurements which can change with particle concentration. Components: They are primarily

effective for detecting ionic species

and may not provide accurate results

for non-ionic or poorly conductive

components in the mixture.
Computational Fluid Using CFD models to predict the flow behavior and High costs in chaotic flows, impairing [8]
Dynamics (CFD) particle distribution within the mixing vessel. accurate evaluation of mixing and

homogeneity.
Optical Techniques, Measuring the particle size distribution and identifying Laser diffraction assumes spherical [9]

Laser Diffraction

Ultrasonic Testing

particle distribution.

any significant variations within the mixture.

Using ultrasound waves to measure the acoustic
properties of the mixture, which can be affected by

particles, leading to inaccurate

size measurements and hindering

homogeneity assessment in mixtures

with irregularly shaped particles.

Anisotropic materials have varying [10]
ultrasonic wave velocities due to

structural variations, complicating

accurate characterization.

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1
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TABLE 1: Composition of the AA 6063 ingot

Element Al Si Fe Zr

Mg Zn Ni Pb Sn Ti

Average content

98.76 0.19 0.16 0.02 0.02

0.74 <0.00 <0.00 0.04 0.07 <0.01

TABLE 2: Chemical Composition of Silicon
Carbide (SiC)

Component SiC C Si Sio, Fe,O,
Wt.% 97.2 0.28 0.23 1.73 0.56
TABLE 3: Properties of Silicon Carbide (SiC)
Properties Measure
Melting point 2200 to 2700
Density 3.1(glcm?®)

Coefficient of Thermal Expansion 4.1(um/m/°C)
Fracture toughness 4.6(MPa-m1/2)
Poisson’s ratio 0.14

Color Black

TABLE 4: Properties of (Sio,)*

Constituent Percentage
Sio, 89
ALO, 3.75
Fe,O, 1.94
MgO 1.02
Cao 0.99
Loss on ignition 2.63

*Silica sand samples from the Mass company (Iraq) (50-80-micron size) were used. The
chemical composition is given in Table 4.

and avoid glare issues. These images were then analyzed using
MATLAB to evaluate the mixing process.

5. IMAGE PROCESSING ANALYSIS

Traditional image processing has been widely utilized to
enhance the aluminum alloy casting process by automating
quality control and optimizing casting methods. Various
image processing techniques have been employed for
aluminum alloy analysis, including X-ray CT for internal
defect detection, surface inspection for identifying surface
flaws, real-time monitoring for process optimization,
microstructure analysis for understanding material properties,
dimensional measurement for precision, and robotic vision
for automated handling [12], [13]. Mixing is a critical process
that directly influences the quality of final products in several
industries. Ensuring homogeneous mixtures requires a
thorough examination of the mixing process [14]. This study
highlights an alternative, non-invasive method for analyzing

Metal Matrix Composites (MMCs) Market
369.29
2113 22482

2018 2019 2020 2021 2022 2023 2024 2025 2026 2030 2031 2032

Fig. 2. MMC trend.

Market Size in USD Bn

; s Apply histogram
Preprocessing Image acquisition i i 3,alizati%rn
Edge detection N 5 o o
it ion >| Contour operation Statistical analysis

Fig. 3. Implemented approach.

particle mixing and segregation using image processing,
which has shown great potential. A proposal to utilize low-
cost cameras combined with image processing has been
introduced as an effective, affordable solution [15]. High-tech
methods for analyzing mixing processes are often costly and
demand strict safety protocols, making image processing a
promising alternative.

In recent years, image analysis has gained significance due
to the increasing volume of images transmitted through
various media in daily life. Image processing involves applying
specific operations to enhance images or extract meaningful
information from them. An image is mathematically
represented as a two-dimensional function (x,), where x and
y are spatial coordinates, and the amplitude at any coordinate
pair corresponds to the image intensity. When, the amplitude
values of f are finite and discrete, the image is termed a
digital image [15]. Digital images are composed of pixels, each
with a specific location and value. This paper uses statistical
methods to identify optimal mixtures by analyzing images
captured under varying incident light conditions and with
different stirrer designs. Image content analysis is an essential
step for producing accurate and unbiased evaluations.

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1
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St

Fig. 4. SEIWA MG-915 Radial Drill setting.

After 60 seconds stirring at (240 rpm
Stirrer types g at (240 rpm)

Water + SiC particles | Oil + Silica particles

Helical stirrer
with a cylindrical shaft

®4)

Helical stirrer
with a helical shaft

Fig. 6. Five different designs of stirrers, a four blades single stirrer Fig. 7. Helical Stirrer helical stirrer with a cylindrical shaft (D4) and a
(D1), double stages stirrer (D2), a multi-stages stirrer (D3), a helical helical stirrer with a helical shaft (D5).

stirrer (D4), and a helical stirrer with helical shaft (D5)
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Algorithms and techniques for processing color information
in three-dimensional scenes and converting them into two-
dimensional images in trichromatic color models and digital
color spaces demonstrate similarities between color and
grayscale image processing [16], [17]. Image processing is

integral to modern manufacturing, enabling the manipulation
and analysis of digital images to enhance product quality,
extract critical information, and optimize processes.
Techniques such as object recognition, segmentation, and
optimization improve efficiency, automate quality control,
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detect defects, and streamline diagnostics, contributing to
reliable and cost-effective production systems [18].

Image analysis involves extracting valuable information from
images, typically using two main approaches: Spatial domain

and frequency domain methods [19].

The statistical approach belongs to the spatial domain
category, assessing various functions based on system
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objectives. Statistical measures such as mean and standard
deviation play a significant role in image analysis by providing
insights into the properties of incident light and mixing
quality [20]. In this study, after completing the sample mixing
process, images of the mixture were captured and analyzed
using digital image processing techniques. The process
involves several steps: Pre-processing, image acquisition,
histogram equalization, edge detection, and contour
detection. These steps are illustrated in Fig, 10.

Image processing provides an affordable alternative. Itis a type
of signal processing that generates digital images as its output or
a set of properties or parameters connected to the image [15].
This is accomplished by the analysis of the pictures obtained
during the mixing process by the camera. As a result of the
mixing procedure, it has been discovered that the colors in the
image do change. Image analysis was divided into two sections:

5.1. Data Required
In the practical part of this study, four cases were developed
as follows:
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Case 1 (imagel_1): Stirring Silicon carbide microparticles in
one liter of water using a helical stirrer with a cylindrical shaft
for 60 s at 240 rpm under laboratory conditions.

Case 2 (imagel_2): Stirring Silicon carbide microparticles in
one liter of water using a helical stirrer with a helical shaft
for 60 s at 240 rpm under laboratory conditions.

Case 3 (image2_1): Stirring Silicon carbide microparticles in
one liter of engine oil (high viscosity) using a helical stirrer
with a cylindrical shaft for 60 s at 240 rpm under laboratory
conditions.

Case 4 (image2_2): Stirring Silicon carbide microparticles in
one liter of engine oil (high viscosity) using a helical stirrer
with a helical shaft for 60 s at 240 rpm under laboratory
conditions.

5.2. Implemented Approach

After completing the sample mixing, an image of the mixture
is captured and analyzed based on the principles of digital
image processing. The processing stage involves several steps,
which are illustrated in Fig, 7:

1. Pre-processing: The mixture is prepared, and an image
is captured. A portion of the image, sized 100 X 100
pixels, is selected for further processing.

2. Image Acquisition: The captured image is formatted and
prepared for the subsequent processing stages.

3. Histogram Equalization: Histogram equalization is
applied to enhance image clarity and improve visibility
for the next steps.

4. Edge Detection: This step involves identifying the
edges within the image using the canny operator, which
provides superior edge detection compared to other
methods.

5. Contour Detection: The contours of shapes in the image
are identified to outline the structures present.

6. Statistical Analysis: Various statistical measures are
applied to analyze the image properties, including:

a. Standard Deviation: Measures the dispersion of data
points and their deviation from the arithmetic mean,
indicating the spread of pixel values.

b. Arithmetic Mean: Represents a measure of central
tendency, summarizing the data set with a single
value that denotes its average distribution.

c.  Entropy: Quantifies the randomness or texture
of the input image, providing insights into its
complexity and information content.

After processing images as shown its the steps in Fig, 8, the
performances of the stirrers were calculated according to
their pixel distribution.

The findings from Figs. 9 and 10 suggest that D5 consistently
outperforms D4 across various conditions. This includes low
and high viscosity (water or engine oil) and low and high
ceramic density (Silica sand or SiC). The mixing performance
of D4 is characterized by a pixel distribution ranging from
75 to 165 grayscale values, while D5 shows a more refined
pixel distribution between 90 and 150 grayscale values.
This difference indicates that D5 achieves a higher level of
homogeneity in the mixing process, as it maintains a more
consistent pixel range, suggesting better uniformity in the
particle distribution.

Fig. 11 illustrates the distribution of standard deviation values
for the processed images. Standard deviation is a measure of
the variation or spread within a set of values. A low standard
deviation indicates that the pixel intensities are close to the
average, while a high standard deviation suggests a greater
deviation from the average. In all conditions, the standard
deviation values for D4 are higher than those for D5. This
suggests that D4 exhibits greater variation in pixel intensities,
indicating a less homogeneous mixing process compared to
D5, which shows more consistent pixel values and a higher
degree of homogeneity.

6. CONCLUSION

1. This study investigates the use of image processing
analysis techniques to optimize stirrer design for the
production of aluminum alloy composites. The study
involved testing five different stirrer designs and two
types of ceramic particle reinforcement using the stir-
casting method.

2. The image processing steps included pre-processing,
image acquisition, histogram equalization, edge
detection, contour operation, and statistical analysis.

3. Image analysis techniques played a crucial role in
determining the most effective stirrer design by analyzing
the homogeneity of the mixture.

4. 'Theaccuracy of the image analysis findings was validated
by evaluating the mechanical properties of the produced
composites.

5. The analysis of pixel distribution revealed that D5
consistently outperformed D4 under various conditions.

6. Standard deviation values for D4 were higher than those
for D5, indicating greater variation in pixel intensity and
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suggesting less homogeneous mixing in D4.

7. 'The helical stirrer with a helical shaft (ID5) demonstrated
superior particle mixing and improved homogeneity
compared to the cylindrical shaft stirrer (D4).
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ABSTRACT

Nephrolithiasis is a scientific term that refers to kidney stones and means the formation of crystal concretions in the kidney. It
is considered a widespread situation that affects millions of people worldwide. Those stones can cause serious discomfort to
infected people, especially when they traverse the urinary system, although, the big stones may need a surgical intervention.
Various systems are already in use to address kidney stones, including ultrasound imaging for detection, extracorporeal
shock wave lithotripsy (ESWL) for non-invasive stone fragmentation, and ureteroscopy for surgical removal, showcasing the
advances in medical technology for managing this condition. This study presents an approach for detecting stones in the
affected kidney. A public dataset has been employed in this work, containing (2370) images of healthy and affected kidneys.
The dataset was utilized to train the proposed approach for the aim of stone detection. To achieve high detection accuracy,
we implemented two key phases before classification. The preprocessing phase enhances image quality by reducing noise
using a median filter and improving contrast through contrast stretching and tone enhancement. The segmentation phase
follows, accurately identifying the kidney’s edges and regions of interest for effective feature extraction. The Local Binary
Pattern (LBP) technique, combined with the support vector machine (SVM) algorithm serves as the primary components of
the proposed model. The feature extraction comes into action through the LBP technique as a preparation step for the SVM
classifier to complete the stone detection process. The approach introduced in this paper has the potential to enhance detection
accuracy and efficiency. Furthermore, it could be used as an early detection tool to identify potential cases, thereby helping
to prevent complications and adverse outcomes. This method aims to improve on the traditional manual process employed
by radiologists, which could be described as time and effort consumption rather than the exposure of the interpretations. The
obtained results were compared with the most relevant approaches in the field of kidney stone detection, demonstrating the
model’s effectiveness in achieving the desired goal with a diagnostic accuracy of 96.37% for kidney stones.

Index Terms: Medical Image Analysis, CT Images, Local Binary Pattern, Support Vector Machine, Kidney Stones

1. INTRODUCTION

Image processing techniques have been proven as powerful
tools in the field of medical image analysis due to their
efficiency in improving the quality of those images along
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with the ability to extract useful information from them.
Furthermore, they have been combined with machine-learning
techniques; and together they achieve a quite noticeable
progress in different domains, precisely in healthcare
applications. Since kidney stones are considered a serious
threat to people’s health, many developments and research
applied in this field to reduce that threat to the minimum, and
over time early detection becomes a necessity for the diagnosis.
The researchers invested a lot of their time and thoughts for
that matter through many approaches that were based on
image processing, machine learning, or both, including the
segmentation and feature extraction techniques [1], [2].
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More advancements have been established by merging
a variety of those techniques to support early diagnosis
accurately. One of the powerful algorithms that achieve such
improvement is the Support Vector Machine (SVM) through
CT images. SVMs are valued for their ability to create clear
decision boundaries, making them effective for binary and
multiclass classification tasks. Its capability of classifying the
kidney stones correctly was obvious and greatly participated
in patient care [3], [4].

The spread of the problem of kidney stones has become
the focus of attention of many researchers. The worldwide
research community has recognized the urgent need for
accurate and effective techniques for the rapid detection of
kidney stones to reduce the potential for complications and
patient uneasiness.

To overcome the penalties of the usual diagnosis procedure
through the established methods by the radiologists which
take a quit amount of time and effort with the potential of
interpretations and complications that could lead to a negative
affection on the patient, the suggested model can offer a
precise improvement in early kidney stones detection and
prevent any expected inconvenience.

The early detection and the accurate diagnosis of kidney
stones are the main objectives of this work. A suggested
approach presented in this study for that purpose utilizes a
Support Vector Machine (SVM) algorithm with the Local
Binary Pattern (LBP) technique for the premature and
precise detection of kidney stones avoiding unnecessary
consequences and providing proper medical care. The
model was implemented using MATLAB (R2021a)
starting from fetching the input images through a series
of preprocessing for the image’s quality enhancement and
crossing the segmentation phase for Region of Interest (ROI)
determination. Fifty-nine features extracted by LBP to be fed
into SVM for classification. The upcoming sections present
a literature review to provide background and context, the
proposed method detailing our approach, implementation,
and results to demonstrate our findings, and a conclusion
summarizing key insights and future directions.

2. LITERATURE REVIEW

Introduced in this section is a diversity of remarkable
approaches and contributions including the specifics of the
proposed models in their works with the extracted phases that
contributed to the enhancement of the stone’s recognition
accuracy.
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The frequent appearance of stone issues in patient’s kidneys
motivated the authors in [5] to employ Computer-Aided
Detection (CAD) algorithms for stone detection using CT
images. Their approach highlighted the problem of organ
determination, directing attention to the importance of
segmenting the image and emphasizing the region of interest
(ROI) and how this addition will have an effect on the stone
detection accuracy. Ultrasound images are employed by [6]
for stone detection, for that they added a preprocessing
phase to the used images along with a Median filter for
image quality enhancement and noise removal, the image
was then segmented using a morphological segmentation, the
confusion matrix gathered by the Gray Level Co-occurrence
Matrix (GLCM) used then for model assessment with a rate
of 90%. The authors in [7] also utilized ultrasound images,
incorporating a preprocessing phase into their model.
In addition to applying morphological procedures, they
enhanced the approach by integrating fuzzy masking. Then
entropy-based segmentation is used to define the (ROI). For
final classification, the SVM and KNN algorithms were used,
and the classification accuracy results were 89%0 and 84% for
the KNN and SVM classifiers, respectively.

The author in [8] distinguished between healthy tissues and
those surrounding abscesses, fibrosis, and stones using a
watershed segmentation technique, and as a tissue index LBP
was used. To describe the shape and wrongdoing of kidney
conditions, such as the compositional spectrum was used
as statistical features, in addition to the geometric features.
The accuracy of the system was evaluated as follows: 88.4%
for LBP and 91.36% for the synthetic spectrum, while the
combination of the local binary spectrum and the synthetic
spectrum achieved 95%.

To enhance diagnosis and treatment, a study conducted
in [9], [10] focused on improving the identification of kidney
stone types. The authors carried out a pilot study to explore
the classification of kidney stones using 7 vivo images obtained
during ureteroscopy procedures. These images were analyzed,
and visual features used by urologists to differentiate stone
types were encoded into vectors for kidney stone surface
and cross-section. The feature vectors combined the color
features and the texture features where LBP was employed
for extraction. The classification was performed in [9] using
Random Forest and ensemble K Nearest Neighbor classifiers,
achieving 89% overall accuracy. At the same time, in [10] They
compared the performance of six shallow machine-learning
methods and three deep-learning architectures, SVM was used
as one of the methods with precision results of 79% for the
mixed kidney stone patches (surface and section).
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In addition, CT images of a kidney with a stone were examined
by [11] through a model consisting of neural network-based
and SVM-based classification, while preprocessing techniques
were employed for noise removal and GLCM for feature
extraction, for the ANN-based model achieved 85%, while
using SVM gave an accuracy of 95% with fewer features and
99% with full features.

The combination between neural network and SVM
continued in [12] where the authors proposed a model named
a “Hybrid Deep VGN-19 and Binary SVM (HDVS),” deep
learning techniques were employed for extracting the features
whereas the SVM served as a classifier, a metric of precision,
F1 score, recall and accuracy used for the system evaluation
which achieved a rate of 99.89% for accuracy.

A renal calculi identification explored by [13] by presenting
an SVM-based model through a small number of only 250
ultrasound images, median filter employed to reduce the
image’s noise, K-means clustering and GLCM were used for
segmentation and extracting features, respectively, the model
attained an accuracy of 98.8%.

Another neural-svm combination proposed by [14] where
X-Ray images were examined using multiple machine learning
methods such as Random Forest, K-Nearest Neighbor,
Decision Trees, Multilayer Perceptron, CNN, and Naive
Bayes (BernoulliNB) besides SVM, the approach assessed
through F1 score, precision, and recall. The outcomes of
SVM were 92.4%, 85.8%, and 85.8%, respectively.

In another study, an approach presented by [15] for kidney
disease identification, the approach used SVM and ANN as
classifiers to compare the performance of the two algorithms
based on the accuracy and time consumption, the resultant
outcomes revealed that ANN was more accurate in detection
with 87.70% accuracy than SVM which achieved 76.32%.
By leveraging preprocessing followed by a combination
of LBP for feature extraction and SVM for classification,
our approach demonstrates better accuracy and efficiency,
particularly in handling noisy images, as reflected in the
results. This advantage addresses the limitations of the
compared methods, which often lack feature representation
and adaptability, leading to lower accuracy.

3. THE PROPOSED METHOD

The proposed method in this study leverages supervised
learning techniques for accuracy enhancement regarding

12

kidney stone detection in CT scan images, a critical aspect
of urolithiasis diagnosis.

The proposed architecture of the model in this work
as presented in Fig. 1 has been established through
four primary stages. As mentioned in [16], the whole
possible implementable recognition process consists of
four consecutive phases, namely: Pre-processing (P),
Segmentation (S), Feature Extraction (F), and Classification
(C). The kidney stone detection process in this work is
depicted as (PSFC) indicating the employment of the phases.

The implementation was carried out using MATLAB
(R2021a), the process starts with image preprocessing
to enhance the contrast and remove noise, followed by
segmentation to detect the objects and their boundaries
in the images. Then, feature extraction is applied using the
LBP technique. The extracted features were used afterward
for SVM training, which was used to predict the presence
of kidney stones in new CT images. This section provides a
step-by-step illustration and a visual diagram for replicating
the implementation.

3.1. Input CT-Image

This study utilized a public dataset [17] of CT images, with
5077 images of normal kidneys and 1,377 of kidneys with
stones. The data set contains other images related to kidney
diseases that are not included in this study, so they are
discarded for discussion. The total number of images used
in this work is 6454 from the dataset. The images are in JPG
format and have a dimension of 512 X 512 pixels.

As mentioned, the number of images in these two classes is
not equal. To address the challenge of this imbalanced dataset
in SVM, there are several techniques, such as resampling and
class weights techniques. Resampling techniques include
oversampling and undersampling. Oversampling involves
generating additional samples (images) of the minority class
to rebalance the dataset while undersampling reduces the

Input CT-Image
| TETTETETTER Pre-Processing (P)
Classification (C)

Fig. 1. The proposed model architecture.

Segmentation (S)

Stone Detection

Feature Extraction (F)
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number of samples (images) in the majority class. These
techniques aim to create a more equitable distribution of
classes for SVM training. However, while resampling can be
effective, it may lead to information loss or overfitting. The
class weight technique assigns varying levels of significance to
cach class during SVM training, with greater weights assigned
to the minority class and lesser weights to the majority class,
this means that the SVM prioritizes the correct classification
of the minority class (the stone class) without altering the
dataset’s composition.

In this study, the class weight technique has been adopted for

its distinct advantages over resampling methods, including:

® LHfficiency: Class weights are computationally more
efficient compared to resampling techniques. Resampling
involves creating duplicate samples, which can significantly
increase the dataset size, leading to longer training times.
In contrast, class weights only affect the loss function
during training without changing the dataset size.

® Preservation of Data: Resampling methods such as
oversampling and undersampling can result in loss of
information or potential overfitting, as they duplicate or
remove data points. Class weights do not alter the data
distribution, ensuring that all original data points are
considered during training

® No Need for Data Generation: Resampling may require
generating synthetic data points or discarding data,
which can introduce bias or inaccuracies. Class weights
do not require creating synthetic data, reducing the risk
of introducing artifacts.

For a more comprehensive view of the dataset distribution,
Table 1 provides a detailed breakdown of the dataset
distribution, including the total number of images in each
class, as well as their division into training and testing
subsets. In addition, the dataset was partitioned into two
distinct subsets: The training set, encompassing 80% of the
images, and the test set, encompassing the remaining 20%.
These images served as input for various computer vision
techniques to extract relevant information and features.

3.2. Pre-processing
Numerous studies have substantiated that the model’s
accuracy rate is inherently dependent on the output quality

TABLE 1: Dataset usage of CT kidney images

of the preprocessing phase. This study seeks to further
corroborate this notion by introducing a preprocessing phase
comprising three stages. These stages are deployed to enhance
the quality of the input image, consequently leading to an
improvement in the accuracy of kidney stone identification.
The pre-processing steps are delineated as follows:

3.2.1. Median filter

In this study, the median filter was applied during preprocessing
to reduce noise in the CT images while preserving critical
edge details. This step ensured that the kidney’s boundaries
and texture features were retained, improving the accuracy
of subsequent segmentation and feature extraction phases.

3.2.2. Contrast enhancement

Contrast enhancement was utilized to improve the visibility
of kidney structures and potential stones in the CT images.
This process involved two steps: Contrast stretching to
distribute brightness uniformly across the dynamic range,
followed by tone adjustment to highlight key areas such as
shadows, mid-tones, and highlights. These enhancements
made critical features more distinguishable, aiding in accurate
edge detection, and feature extraction.

3.3. Segmentation

Segmentation is frequently used to distinguish between
objects and boundaries in images, it is considered an essential
component in medical image analysis, it makes medical
data representation easier to understand and facilitates the
diagnosis of a variety of disorders.

To identify kidney stones and clarify their boundaries, Canny
edge detection was used in this study. One of the characteristics
of this technology is that it can separate important visual parts
from those surrounding them architecturally and in a largely
unified manner. Thus, it helps in reducing the amount of data
that must be processed. This enables it to detect the edges
of objects to be focused on, which enhances the success
requirements for the system that uses its features.

3.4. Feature Extraction

The feature extraction process is considered one of the
main phases in the used system. This phase focuses on
transforming segmented kidney images into numerical

Type of image No. of images

Training Set (80%) Testing Set (20%)

Normal kidney 5077
Kidney with stone 1377
Total 6454

4062 1015
1102 275
5164 1290
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representations, extracting useful information from the
region of study, and building it out into statistics in a
more comprehensible formation. This study employed the
technique of LBP for the feature extraction phase. The
technique was first presented in 1996 [18], and since it has
been widely applied in texture analysis across various fields,
image analysis was one of them, the technique analyzes the
grayscale value of each pixel in the image’s region of interest,
comparing it to neighboring pixel values within a defined
radius. It generates a binary pattern for each pixel based on
these comparisons, which is then converted into a decimal
value that describes the local texture.

In this study, LBP was applied to segmented CT images
obtained after pre-processing and edge detection to capture
textural variations in the kidney regions indicative of stones,
the technique has a valuable achievement and approved its
worth in local texture analysis.

A total of 59 features were extracted from each segmented
image, balancing sufficient detail with computational efficiency.
These features captured local texture differences crucial for
distinguishing between normal kidneys and those with stones
and were subsequently used by the SVM for classification.

This systematic feature extraction ensures that the most
relevant information for kidney stone detection is captured,
enabling accurate and reliable classification results.

3.5. Support Vector Machine

In the supervised machine learning field of study, the support
vector machine (SVM) algorithm shines as an effective
classifier. Its mechanism is based on separating data points
into classes in a hyperplane through a high-dimensional feature
space. The basic working mechanism was presented by Vapnik
in 1998 [19], and he is considered to have laid the foundation
for the general theory of statistical learning. Since then, the
theory has witnessed many expansions and developments
while maintaining the basic goal, which is to determine the
excess level to increase the margin between different classes. In
this work, SVM was employed to identify kidney stones from
CT images. The algorithm was trained on a public dataset of
labeled CT images using MATLAB’s built-in functions and
toolboxes for image processing and machine learning;

4. IMPLEMENTATION AND RESULTS

Experiments have been carried out to evaluate the
performance and applicability of the proposed model
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implemented using MATLAB. The proposed model was
performed on two sets of images from a public dataset
of kidney’s CT images, normal kidney set and kidney with
stone set.

A comprehensive workflow diagram, as depicted in Fig. 2,
outlines the implementation of our proposed method.
This workflow provides a visual representation of the
entire process, allowing a clear understanding of the
methodology.

The images underwent a sequence of pre-processing
procedures aimed at enhancing the input image’s quality,
ultimately resulting in heightened accuracy for kidney stone
identification. These pre-processing steps encompassed the
conversion of the images to grayscale, preserving a spectrum
of gray shades. Subsequently, a median filter was applied to
reduce noise, and contrast enhancements were employed
to enhance the visibility of objects within the image. Fig. 3
illustrates the results of this phase, particularly for a kidney
with a stone.

e
e—_———]

Kidney CT-Images Result:

Stone/No Stone

Median Filter

Contrast Enhancement

Canny Edge Detection

Fig. 2. Overview of the proposed model with applied phases and
techniques.
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Following the pre-processing stage, the segmentation phase
was executed to identify objects and boundaries within
the images. The outcome of this segmentation process is
depicted in Fig. 4.

After applying Canny edge detection to segment a kidney
CT image, the resulting image clearly defines and outlines
the kidney structure. This high-contrast image significantly
aids in the accurate identification of kidney stones.

After segmentation, comes the next necessary stage, which
is feature extraction. The LBP technique was used for this
purpose because it is an effective way to evaluate textures
and patterns in images. When it comes to identifying kidney
stones, it shows how important this technique is to identify
important features and support the classification process.
LBP focuses on storing local texture information to extract
useful features from previously segmented kidney images
that are necessary for the process of distinguishing between
stone-affected kidneys and healthy kidneys. Choosing a
feature extraction technique is an important stage when
building the system because it has a direct impact on the
success and accuracy of the classification process.

After extracting important features using the LBP technique,
the kidney images are now transformed into a set of selective

El Original image [  Median filter Contrast enhancement

Fig. 3. (a-c) The outcomes of the pre-processing phase.

Fig. 4. Segmented image.
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features that can be submitted to the classification stage,
represented by the SVM technique, which has proven
effective in the field of machine learning and is known
for classifying data into separate groups according to the
extracted feature vectors. The relevant features extracted
by LBF are fed to the classification phase where SVM is
applied as a classifier for training which yields images to be
classified into “with stone” or “without stone” kidneys. The
two technologies were used together to ensure a high level
of accuracy, and this was proven, as the results indicated
the detection of kidney stones with an accuracy of 96.37%,
which is a new indicator that indicates the system’s potential
and ability to differentiate between a healthy kidney and
those with stones efficiently. The classification outcomes
are visualized using a pie chart as shown in Fig. 5, this chart
illustrates the classification results for each class based on
the proposed approach.

These results highlight the ability of the machine learning
model to predict health outcomes and the SVM model to
detect kidney stones. Further studies may focus on enhancing
and utilizing these models in different contexts.

Furthermore, a comparative analysis was carried out to assess
the accuracy performance of our approach concerning eatlier
research in this area. Table 2 provides a comprehensive
comparison of the classification accuracy achieved by
the proposed method alongside previous works. The
accuracy values reflect the effectiveness of cach approach
in distinguishing between normal kidney images and
those containing stones. The “Dataset” column in Table 2
categorizes the datasets based on their origin as presented
by [10], distinguishing between publicly available datasets

Incorrect Stone

Correct Stone

Incorrect Normal

Correct Normal

Fig. 5. Classification results for each class based on the
proposed model.
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TABLE 2: Comparison of classification accuracy

Approach Dataset FE Technique Classifier Accuracy (%)
7 Public PCA SVM 84
[8] [17 LBP - 88.4
[9] Self-constructed LBP Random Forest Ensemble KNN 89
[10] Self-constructed LBP SVM 79
The proposed method [17] LBP SVM 96.31
19 % Evaluate the accuracy model that harnesses the power of an SVM and utilizes
20 accuracy = sum(pred == labels) / numel(labels); . .
2 fprintf('Accuracy: %.26¥%\n’, accuracy * 108); LBP feature extraction to enhance accuracy by effectively

Command Window
Accuracy: 96.37%
>> predict
Accuracy: 96.37%

f{ >>

Fig. 6. Screenshot of the simulation reveals the result.

and those that are self-constructed, the datasets are classified
whether they are publicly available or constructed by authors
specifically for their approach. It is worth noting that some
of the approaches listed in the table utilized the same public
dataset that we employed in our method, as indicated by the
corresponding references.

Table 2 displays a comparison of classification accuracy
among different approaches for kidney stone detection.
It provides information about the dataset used (whether
public or self-constructed), the feature extraction technique
employed, the classifier used, and the accuracy achieved for
stone detection in each approach.

All the approaches are in common with our proposal either
with the used public dataset, the feature extraction technique,
or the classifier. Among these, as shown in Fig. 6 the proposed
method demonstrates the highest accuracy of 96.31%
among all the listed approaches, signifying its effectiveness
in accurately detecting kidney stones.

5. CONCLUSION

In this study, we aimed to tackle the critical challenge of
kidney stone detection. Our proposed approach offers an
efficient solution for the rapid and accurate identification of
kidney stones, which can be a root cause of various health
issues. Our investigation revealed the effectiveness of the
SVM model in predicting the presence of stones, highlighting
its potential to guide preventive and responsive healthcare
strategies. In addition, we developed a machine learning
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extracting 59 features from segmented CT images to capture
local texture details which are essential for classification.
To achieve the desired result, the main process followed
a systematic sequence: Pre-processing for noise reduction
and contrast enhancement, segmentation to identify the
kidney’s boundaries and ROI, feature extraction using
LBP, and classification using SVM. The model was trained
and validated using the publicly available CT KIDNEY
DATASET: Normal-Cyst-Tumor and Stone ensuring
replicability and standardization. This model was deployed
for stone prediction, yielding an accuracy of 96.31%. In
addition, the results were compared with related approaches,
where this approach outperformed existing methods in terms
of accuracy. The outcomes of this research hold substantial
promise for public health, particularly in the realm of kidney
stone detection.
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ABSTRACT

Cryptographic algorithms perform a vital part in protecting information in general and safeguarding digital platforms.
Nevertheless, improvements in quantum computing pose important concerns to traditional cryptographic approaches,
demanding the development of quantum-resistant explanations. This study offers an inclusive investigation of post-
quantum cryptographic algorithms, assessing their flexibility, competence, and practicality in justifying quantum risks.
Through an equivalent approach, the research identifies optimistic applicants for upcoming cryptographic standards.
Moreover, the study highlights the international essential for embracing these algorithms to ensure secure communication
and data protection in the quantum era. These conclusions aim to notify the progress of strong cryptographic systems
that address the appearing objections of quantum technologies.

Index Terms: Post-Quantum Cryptography, Quantum Threats, Spatial Implications, Cryptographic Algorithms

1. INTRODUCTION

As technology endures to advance, important concerns
arise concerning the security of sensitive information and
the veracity of digital communications across numerous
platforms. A fundamental tool for completing data disclosure
and integrity is the use of cryptographic algorithms. These
algorithms provide robust protection against unauthorized
access, ensuring that data remains secure even when
intercepted during transmission or storage [1]. However, as
technology develops, new computational threats to traditional
cryptographic systems also emerge. Quantum computing,
as a novel computational model, possesses the potential
to compromise many widely used encryption methods,
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rendering current cryptographic techniques vulnerable [2].
Nonetheless, Quantum threats are existing and they state
the potential dangers posed by quantum computers to
traditional cryptographic systems and data security. Quantum
computers, exploiting principles of quantum mechanics,
can resolve specific computational difficulties exponentially
faster than classical computers, rendering many existing
cryptographic methods vulnerable [3]. In response to this
challenge, post-quantum cryptography (PQC) states to a
division of cryptography that emphasizes on emerging
cryptographic algorithms that are resilient to attacks by
quantum computers. Unlike traditional cryptographic
methods that rely on mathematical problems resolvable by
quantum algorithms (e.g., Shor’s algorithm for factoring),
it aims to protect communications and data against these
advanced computational threats [4]. PQC also been
developed to safeguard against the unique threats posed by
quantum computing, This branch of cryptography focuses
on algorithms that are designed to resist attacks from
advanced quantum systems [5]. It is important to recognize
that PQC serves as a crucial line of defense against the

Published: 25-01-2025
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capabilities of quantum computers, which can undermine
the security of classical cryptographic methods due to their
immense computational power [6]. Joining Geographical
Information System (GIS) into the investigation of PQC and
quantum threats enhances a vital spatial viewpoint, allowing
participants to rank and execute secure systems adequately.
It provides functional understandings to policymakers,
security specialists, and organizations intending to defend
digital infrastructures internationally [7]. However, Spatial
significance using (GIS) in the context of PQC and quantum
threats include analyzing, visualizing, and understanding the
geographic allocation and influence of quantum computing
progressions, weaknesses, and the acceptance of quantum-
resistant cryptographic systems worldwide [§].

This paper presents an in-depth analysis of post-quantum
cryptographic algorithms, investigating their strength against
quantum raid [9], It concentrates on the theoretical and practical
suggestion of these algorithms, evaluating their capability to
safeguarding digital communication in the face of developing
quantum risks. By rating the durability and deficiencies of
numerous algorithms, the paper aims to direct the ragged
placement of cryptographic explanations that safeguard robust
security in a post-quantum world [5]. These understandings
intend to support international digital security policies and
notify decision makers for the implementation of PQC [10].

2. LITERATURE REVIEW

2.1. Evolution of Cryptography and Its Challenges
Cryptography has developed considerably over the centuries,
progressing from basic ciphers, such as Caesar’s cipher to
the detailed cryptographic procedures that are used today.
Primary cryptographic approaches are primarily intensive
on safeguarding communication, such as military messages
during wartime [11]. Throughout time, cryptography
progressed with performances, such as the Vigenere cipher
and the Enigma machine, which pioneering more complexity
and contribution to cryptographic developments [12]. The
digital era introduced public-key cryptography in the 1970s,
this uprising development by Diffie and Hellman abolished the
need for pre-shared secret keys, allowing safe communication
over open channels [13]. These historic developments placed
the foundation for current cryptographic applications, but
as technology advanced, so did the difficulty and possible
risks to digital systems.

2.2. The Quantum Computing Challenge
The escalation of quantum computing offers a novel
challenge to the protection of traditional cryptographic
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systems, especially public-key algorithms, such as RSA
and Diffie-Hellmann [14]. Quantum computers are able
to solve mathematical difficulties exponentially faster than
standard computers, which poses a significant risk to widely
used encryption methods [15]. Shor’s algorithm, a quantum
algorithm skilled for factoring large numbers and solving
the discrete logarithm complication, hovers to concentrate
on traditional cryptographic systems vulnerabilities [14]. In
addition, quantum algorithms, such as Grover’s algorithm
compromise balanced cryptographic systems such as AES
by reducing their actual security strength, this has urged an
ambition to emerging cryptographic approaches that can
endure the power of quantum computing [106].

2.3. PQC

PQC refers to cryptographic algorithms marked to persist
security against the computational ability of quantum
computers. PQC intends to address the boundaries
of traditional cryptographic structures by depending
on mathematical complications, that are resilient to
quantum attacks [17]. Experts have discovered numerous
mathematical structures for PQC, including lattice-based
cryptography, code-based cryptography, multivariate
polynomial cryptography, and hash-based cryptography.
The literature on PQC has expanded significantly in
the past decade, as experts attempt to develop new
cryptographic standards that can replace vulnerable
classical algorithms [18].

2.4. Lattice-Based Cryptography

Lattice-based cryptography has garnered important
consideration due to its robust resistance to quantum
attacks. The security of lattice-based structures depending
on the solidity of complications, however Notable examples
of these hard problems are Shortest Vector Problem (SVP),
and Learning With Errors (LWE), which are supposed
to be statistically difficult in quantum computers [19].
Lattice-based cryptography has the plus of comparatively
efficient encryption and decryption processes, though it
faces challenges in slower key generation times and larger
key sizes.

2.5. Code-Based Cryptography

Code-based cryptography is another remarkable competitor
for post-quantum security. This technique uses error-
correcting codes, and its security is based on the difficulty
of decoding random linear codes, a problem that remains
hard for quantum algorithms to solve [20], despite
the fact that code-based cryptography suggests robust
resistance to quantum risks and attack, but the key sizes
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are usually large, which can present challenges for applied
implementation [21]. Despite this, code-based cryptographic
schemes are considered highly capable for quantum-resilient
encryption.

2.6. Multivariate Polynomial Cryptography

Multivariate polynomial cryptography counts on algebraic
equations, mainly multivariate polynomials, to generate
encryption schemes. These schemes are measured to be
secure against quantum algorithms, as solution systems of
multivariate polynomials are computationally difficult to
solve in quantum computers [22]. Nevertheless, the major
disadvantages of multivariate polynomial cryptography are
its fairly slow encryption and key generation processes, which
can delay the practical placement in performance-sensitive
applications.

2.7. Hash-Based Cryptography

Hash-based cryptography offers a distinct method, using
cryptographic hash functions as the groundwork for
security. The main benefit of hash-based schemes is their
resistance to quantum strikes, as the problem of shifting
cryptographic hash remains problematic even for quantum
computers [23]. Nevertheless, the hash-based schemes are
frequently inadequate by greater signature extents and slower
signing times, which reduce their applied competence [24].

2.8. Comparison of Post-Quantum Cryptographic
Approaches

Each of the above-mentioned post-quantum cryptographic
methods has its strengths and weaknesses, and an important
form of this literature has focused on comparison between
these methods to detect the most optimistic candidates
for upcoming cryptographic standards. Lattice-based
cryptography, for example, suggests a good stability of
security and efficiency, though it is often disapproved
for slower key generation. Code-based cryptography is
extremely secure but undergo from large key sizes that make
it impractical in some applications. Multivariate polynomial
cryptography offers strong security but struggles with slow
performance, while hash-based schemes are resilient to
quantum attacks but are limited by large signatures and slow
signing processes [25].

The challenge for the cryptographic group lies in choosing
or developing the best set of PQC algorithms that balance
security, efficiency, and practical applicability. Researchers
continue to discover cross approaches, such as combination
essentials from lattice-based and code-based cryptography,
to overcome the boundaries of individual methods.
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2.9. Geographic Information Systems (GIS) and
Quantum-Resilient Cryptography

In addition to algorithmic developments, GIS play a vital
part in recognizing regional weaknesses and supporting the
international placement of post-quantum cryptographic
answers. GIS can offer spatial analysis to identify areas at
larger risk of quantum attacks and guide the application
of targeted cryptographic solutions in these regions [20].
By joining GIS with post-quantum cryptographic systems,
researchers and policymakers can ensure that the security
of both localized and international systems is enhanced as
the quantum computing era approaches [27]. Eventually,
the development of quantum computing has piloted in new
encounters for cryptography, requiring the development
of post-quantum cryptographic systems. Lattice-based,
code-based, multivariate polynomial, and hash-based
cryptography represent the forefront of this study, each with
separate benefits and trade-offs. As quantum computing
improvements, ongoing researches are essential to identify,
refine, and standardize post-quantum cryptographic
approaches. GIS also provides an important tool in supporting
the international execution of these resolutions, safeguarding
that cryptographic systems are resilient to quantum attacks
across diverse regions. Constant innovation and association
will be vital in safeguarding digital communication in the
quantum computing era.

3. METHODOLOGY

3.1. Research Design
This study intends to estimate the theoretical resilience
of post-quantum cryptographic algorithms in contrast of
possible quantum computing risks. It also highlights a wide
range of theoretical investigations, shared with a serious
evaluation of current literature, to measure the cryptographic
ethics, efficiency, and applicability of these algorithms. The
main attention is on understanding their potential in real-
world distribution and their inferences for cybersecurity in
the quantum era. The study will address the following key
components:

e Scope: The study explores a nominated set of post-
quantum cryptographic algorithms, including lattice-
based, hash-based, and code-based cryptographic
methods. The valuation is based on theoretical perceptions
resulting from academic literature and technical reports.
This work does not include experimental testing or
geopolitical analysis, instead, it is relying on secondary
data to draw conclusions about the algorithms’
robustness and practicality.
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e Objectives: The main aim is to measure the resilience of
post-quantum cryptographic algorithms against possible
quantum attacks. This will include evaluating both the
strengths and weaknesses of these algorithms when
exposed to quantum-based cryptography, while also
identifying their suitability for real-world deployment. In
addition, the study aims to provide actionable insights
for cryptographical academics, experts, and officials,
apprising future cryptographic standards and policies
in the expectancy of quantum-era fears.

The key objectives are:

e Toanalyze the theoretical foundations of post-quantum
cryptographic algorithms.

e To evaluate their strengths and limitations in the context
of quantum computing advancements.

e To provide insights for researchers and policymakers in
the field of PQC.

e Target audience: The verdicts of this study will be
of specific interest to cryptographic researchers,
cybersecurity experts, and policy consultants to elaborate
in the development of next-generation cryptographic
systems. The study will also oblige to enlighten
international negotiations on the combination of PQC
into international security.

3.2. Analytical Approach

This research will employ a cross-methodological framework

that blends theoretical analysis with empirical testing:

1. Theoretical analysis: A detailed valuation of the
mathematical values and cryptographic constructions
behind nominated post-quantum algorithms. This
analysis draws on peer-reviewed literature, industry
whitepapers, and technical standards documentation.

2. Comparative assessment: Algorithms are compared
based on the system of measurement (key metrics)
such as theoretical security, computational productivity,
and practicality for real-world applications. This
comparative approach enables the identification
of trade-offs and optimal solutions for different
cryptographic needs.

3.3. Data Collection

This study will collect data from various confident sources

to confirm a comprehensive analysis of post-quantum

cryptographic algorithms and their resilience to quantum

threats. Key data sources will include:

1. Academic literature: Peer-reviewed articles and
conference papers will provide foundational insights
into the theoretical resilience of the algorithms.
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2. Whitepapers and technical documents: Industry and
standards organization whitepapers offer applied
viewpoints on algorithm implementation and efficiency.

3. Industry and government reports: from cybersecurity
organizations and government bodies will offer context
on quantum computing advancements and projected
quantum threats.

Together, these data sources will create an accomplished
groundwork for measuring post-quantum cryptographic
algorithms, allowing a fine understanding of their flexibility
in a world where quantum fears are increasingly possible.

3.4. Quantitative and Qualitative Analysis

e Metrics selection: Key metrics, such as security strength,
computational complication, and applied application,
will be nominated to assess each algorithm’s resilience
to quantum attacks.

e (Quantitative analysis: Mathematical representations
and simulations will be applied to quantitatively
measure algorithm performance. This contains hard
computational and mathematical examinations to
measure algorithmic efficiency and resistance to
quantum-based threats.

e Qualitative analysis: A qualitative assessment will explore
each algorithm’s design principles and examine their
inherent defenses against known quantum attack methods.

3.5. Case Studies and Experiments

This study does not include original case studies or
experimental evaluations conducted by the author. Instead,
the applicability of post-quantum cryptographic algorithms
is measured through a detailed evaluation and analysis of
existing case studies, simulations, and experimental data stated
in peer-reviewed literature and technical reports.

The evaluation emphasizes on considerate the theoretical
efficiency, scalability, and practicality of these algorithms
based on documented findings in the field. This approach
allows for an informed analysis of the algorithms’ potential
for real-world deployment, without conducting new
experimental work.

3.6. Comparison and Evaluation

3.6.1. Comparison

A comparative analysis will highlight the strengths and
weaknesses of each post-quantum cryptographic algorithm,
analyzing the competition between security, efficiency, and
practicality. This assessment will emphasize on classifying
the optimum stability for protection against quantum threats.
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3.6.1.1. Key post-quantum cryptographic algorithms
1. Lattice-based cryptography

N-* degree truncated polynomial ring (NTRU):
Between the first lattice-based cryptographic
algorithms, known for its efficiency and resilience.
Kyber: A lattice-based encryption scheme chosen as
a finalist in the NIST PQC standardization process.
Dilithium: A lattice-based digital signature scheme
and NIST finalist, valued for its security and
efficiency [28], [29].

The (Kyber and Dilithium) Deliver healthy encryption and
vetification for transmitting complex geospatial data and guarantee
protected storage and admission control in GIS platforms.

2. Code-based cryptography

McEliece: A venerable code-based cryptosystem
with a robust security history, having resisted decades
of cryptanalysis.

Classic McEliece: A variation of McEliece, chosen
as a NIST finalist, which aims to improve efficiency
whereas preserving security [30], [31]. Itis also ideal
for safeguarding large-scale geospatial datasets and
avoiding unauthorized decryption of serious GIS
information.

3. Multivariate polynomial cryptography

Rainbow: A multivariate signature scheme and
finalist in the NIST competition, recognized for
its rapidity and security properties. The (Rainbow)
is also beneficial in validating and collateral
spatial inquiries and GIS roadmaps with slight
computational overhead.

Hidden field equations (HFE): One of the earliest
multivariate schemes, laying foundational work for
future multivariate cryptographic approaches [32], [33].

4. Hash-based cryptography

SPHINCS+: A stateless, hash-based signature
scheme and NIST finalist, notable for its resilience
to quantum attacks, it also guarantees the integrity
and legitimacy of GIS updates and communications,
such as map reviews or spatial data sharing,.

Lamportsignatures: An original scheme in hash-based
cryptography that serves as a foundational technique
for modern hash-based signatures [34], [35].

5. Isogeny-based cryptography
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Supersingular isogeny key encapsulation (SIKE):
An isogeny-based scheme using elliptic curves,

selected as a NIST finalist and recognized for its
compact key sizes and security [36], It is also right
for IoT-enabled GIS systems, where lightweight
cryptographic explanations are vital for protected
communication between sensors and servers.

3.6.2. Evaluation
Lattice-based cryptography

1.

o NTRU

Security: Relies on the hardness of lattice problems,
such as the SVP, making it robust against cryptanalysis.
Efficiency: Highly efficient and has been a proven
encryption algorithm since 1996.

Key size: Moderate; public key size is approximately
700 bytes.

Signature size: Not applicable, as NTRU is an
encryption algorithm.

Key operations: Features fast encryption and
decryption, supported by efficient polynomial
multiplications.

Quantum resilience: Demonstrates strong resistance
to quantum attacks, with no known efficient quantum
algorithms capable of solving the underlying lattice
problems.

o Kyber (NIST finalist)

Security: Built on the LWE problem, a cornerstone
of lattice-based cryptography.

Efficiency: Optimized for both encryption and
decryption, offering better performance than
traditional schemes.

Key size: Public key size is approximately 1,536 bytes.
Signature size: Not applicable, as Kyber is an
encryption algorithm.

Key operations: Outperforms NTRU in key
generation and encryption efficiency.

Quantum resilience: Highly resistant to quantum
attacks due to the inherent difficulty of solving LWE
problems with quantum algorithms.

o Dilithium (NIST Finalist)

Security: Secured by the Module Learning with
Errors problem, a variant of LWE adapted for
modular lattices.

Efficiency: A signature scheme offering efficient
signing and verification processes.

Key size: Public key size is approximately 1,312 bytes.
Signature size: Around 2,700 bytes, balancing
compactness with security.

Key operations: More efficient than many traditional
lattice-based signature schemes, with faster
performance.
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e Quantum resilience: Strongly resilient against
quantum attacks, leveraging the well-established
hardness of lattice-based problems.

2. Code-Based Cryptography
° McEliece (Classic McEliece — NIST Finalist)
®  Security: Relies on the hardness of decoding general
linear codes, a well-established problem in coding
theory.

e Efficiency: Offers very efficient encryption and
decryption operations.

e Key size: Public key size is significantly large,
typically in the range of hundreds of kilobytes to
around 1MB.

e Signature size: Not applicable, as McEliece is an
encryption algorithm.

e Key operations: While decryption is fast, the large
key sizes can make the algorithm less practical for
resource-constrained environments or applications
requiring frequent key exchanges.

e Quantum resilience: Considered highly secure
against quantum attacks, with no substantial
progress made by quantum algorithms in breaking
its underlying structure.

3. Multivariate Polynomial Cryptography
° Rainbow (NIST Finalist)

e Seccurity: Based on the difficulty of solving
multivariate polynomial equations, an NP-complete
problem.

e Efficiency: Highly efficient in terms of signing and
verification speed, though it requires larger key sizes.

e Key Size: Public key size ranges between 50 and 100
KB, depending on the parameter set.

e Signature size: Approximately 66 bytes, making it
compact for a signature scheme.

e Keyoperations: Features fast signing and verification
processes, suitable for applications needing rapid
authentication.

e (Quantum resilience: Multivariate schemes, including
Rainbow, are generally regarded as secure against
quantum attacks, but ongoing research continues
to evaluate their robustness.

° HFE

e Sccurity: Relies on the complexity of HFE, a
problem considered hard to solve even with
quantum computing advancements.

e  Efficiency: Offers greater efficiency than a rainbow in
some configurations but also requires large key sizes.
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Key size: Typically, around 100 KB or more.
Signature size: Variable depending on parameters
but can be relatively small compared to other
multivariate schemes.

Key operations: Provides fast signing and verification
with some computational overhead during key
generation.

Quantum resilience: Considered secure against
currently known quantum attacks, though, such as a
rainbow, its resilience is subject to ongoing evaluation.

Hash-based cryptography

o SPHINCS+ (NIST Finalist)

Security: Relies on well-established hash functions,
making it inherently resistant to quantum attacks.
Efficiency: Implements a stateless hash-based
signature approach; while secure, it is less efficient
compared to other post-quantum schemes.

Key size: Compact private keys (~32 bytes).
Signature size: Relatively large, approximately 41 KB,
due to the use of Merkle tree structures.

Key operations: Signing is slower because of tree
traversal, but verification is notably faster than many
alternative schemes.

Quantum resilience: Exceptionally strong; hash-
based cryptographic methods are naturally resistant
to Grover’s algorithm and other quantum-based
attacks.

° Lamport signatures

Security: A simple hash-based cryptographic system
offering basic security rooted in the hardness of hash
functions.

Efficiency: Highly inefficient, with extremely large
key sizes and a 1-time-use requirement for keys.
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Table 1: Summary of cryptographic algorithms comparison

Algorithm Security basis Key size Signature size Efficiency Quantum resilience
N-th degree truncated Lattice (shortest ~700 bytes N/A Fast Strong
polynomial ring vector problem)
Kyber Lattice (learning ~1,536 bytes N/A Very fast Strong
with errors)
Dilithium Lattice (module ~1,312 bytes ~2,700 bytes Fast Strong
learning with errors)
McEliece Code-based (linear ~1 MB N/A Fast encryption, Very strong
codes) slow key
generation
Rainbow Multivariate ~50-100 KB ~66 bytes Fast Good, but more
polynomial research needed
equations
Hidden field equations Hidden field ~100 KB Medium Fast Strong
equations
SPHINCS+ Hash-based ~32 bytes ~41 KB Secure, but slow Very strong
signing
Lamport Hash-based Very large Large Impractical Very strong
Supersingular isogeny Isogenies on elliptic ~330 bytes N/A Slow Promising, but newer
key encapsulation curves

Table 2: Algorithm security-based comparison

Algorithm Security basis Key features Resilience to quantum attacks

N-th degree truncated Lattice (SVP) Efficient for encryption Relies on the SVP. Hard for both classical

polynomial ring and key exchange. and quantum computers.

Kyber Lattice (LWE) Compact keys, highly Based on the LWE problem.
efficient. NIST finalist. Quantum-safe.

Dilithium Lattice (M-LWE) Designed for digital Variant of LWE optimized for signatures.
signatures. NIST finalist. Quantum-safe.

McEliece Code-based (Linear Large public keys but Based on hard decoding of random linear

codes) very fast encryption. codes. Resistant to quantum attacks.

Rainbow Multivariate Multivariate public-key Based on solving polynomial systems, but

polynomial equations signatures. currently vulnerable to structural attacks.

Hidden field equations Hidden field Compact signatures but Relies on hidden field structure equations.

equations slower verification. Generally, quantum-safe.

SPHINCS+ Hash-based Stateless digital Hash-based security. Resistant to
signatures. quantum pre-image attacks.

Lamport Hash-based Early hash-based Secure if hash functions are strong.
signature scheme, simple Limited usability for single-use scenarios.
but practical.

Supersingular isogeny Isogenies on elliptic Extremely small key Relies on isogeny problems, but a recent

key encapsulation curves sizes. NIST candidate but quantum attack compromised its viability.

recently broken.

SVP: Shortest vector problem, LWE: Learning with errors, M-LWE: Module learning with errors

Table 3: Algorithm signature size comparison

Algorithm Signature Size Signature size details

N-th degree truncated polynomial ring N/A Small (Around~600 bytes for experiments; not primary focus)

Kyber N/A Not designed for signatures (Only key exchange/encryption)

Dilithium ~2,700 bytes ~2,700 bytes

McEliece N/A Large (Experimental schemes suggest~135 KB for signatures)

Rainbow ~66 bytes ~66 bytes

Hidden field equations Medium Medium (Exact size varies with parameters; generally, in KB range)
SPHINCS+ ~41 KB ~41 KB

Lamport Large Large (~262 KB or more depending on security level)

Supersingular isogeny key encapsulation N/A Experimental only (Compact signatures around~300 bytes in research setups)
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e Key size: Extremely large, often hundreds of = e  Efficiency: Less efficient than lattice-based and code-based

megabytes, making it impractical for most applications.

schemes, particulatly in terms of computation speed.

e Signature size: Substantial, though smaller than e Key size: Compact public keys (~330 bytes), making it
SPHINCS+ signatures.

e Key operations: Each signature requires a new key,
leading to significant overhead and limiting practical

usability.

e (Quantum resilience: Fully quantum-resistant, but its
size and single-use nature render it unsuitable for

widespread adoption.

5. Isogeny-based cryptography
° SIKE — NIST Finalist

e  Security: Relies on the difficulty of computing isogenies
between supersingular elliptic curves, a relatively new

cryptographic hardness assumption.

Table 4: Algorithm efficiency comparison

attractive for environments whete storage or transmission
bandwidth is limited.

e Signature size: Not applicable, as SIKE is a key
encapsulation mechanism rather than a signature scheme.

e Key operations: Key generation and encapsulation
processes are slower compared to other post-quantum
cryptographic algorithms.

e Quantum resilience: While considered quantum-resistant,
its underlying security assumptions are newer and remain
under active scrutiny, unlike more established systems,
such as lattice-based cryptography.

The examination of the algorithms is offered through
various tables and a chart in this study, each presents an

exceptional viewpoint as follows: Table 1 provides a wide

Algorithm Efficiency

N-th degree truncated Fast

polynomial ring

Kyber Very fast

Dilithium Fast

McEliece Fast encryption, slow key generation
Rainbow Fast

Hidden field equations Fast

SPHINCS+ Secure, but slow signing
Lamport Impractical
Supersingular isogeny Slow

key encapsulation

range of comparison for each type of algorithm, while
Table 2 focuses on their security features. Table 3 studies
the signature sizes of the algorithms, and Table 4 appraises
their general efficiency. Table 5 highlights the flexibility of
the algorithms to quantum attacks, and Table 6 summarizes
the basis of security for each. Additionally, Chart 1: presents
a visual comparison of the key sizes for each algorithm in
bytes, presenting valuable understanding into their scalability

and practicality for various use cases.

Table 5: Algorithm quantum resilience comparison

Algorithm Quantum resilience Details

N-th degree Strong NTRU is considered strong against quantum attacks due to its reliance on

truncated lattice-based problems, which are not easily solvable using quantum algorithms,

polynomial ring such as Shor’s algorithm.

Kyber Strong Kyber, another lattice-based algorithm, is highly resilient against quantum computing
attacks, particularly those targeting number-theoretic problems.

Dilithium Strong Dilithium, which uses lattice-based cryptography (M-LWE), also offers strong
resilience against quantum threats, similar to Kyber and NTRU.

McEliece Very strong McEliece is very strong against quantum attacks due to its foundation in coding
theory (specifically, the hardness of decoding random linear codes), which is not
susceptible to quantum algorithms.

Rainbow Good, but more Rainbow, a multivariate polynomial-based signature scheme, shows good resilience

research needed but is still being researched to determine its robustness against quantum attacks.

HFE Strong HFE are generally strong against quantum attacks, but their implementation
complexity and performance can be limiting.

SPHINCS+ Very strong SPHINCS+is a very strong hash-based signature scheme, resistant to quantum
attacks, and its security is based on the collision resistance of hash functions, which
is not impacted by quantum computers.

Lamport Very strong Lamport signatures, being based on hash functions, are very strong in the context of
quantum resilience, as they rely on the collision resistance of cryptographic hashes.

SIKE Promising, but newer SIKE is promising, but it's a newer approach to post-quantum cryptography and

requires more research to establish its long-term resilience against quantum threats.

M-LWE: Module learning with errors, HFE: Hidden field equations, SIKE: Supersingular isogeny key exchange
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Table 6: Algorithm security basis comparison
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Algorithm Security basis Explanation
N-th degree Lattice (SVP) NTRU is based on the SVP in lattice theory. SVP is considered difficult to
truncated solve even for quantum computers, providing strong security against quantum

polynomial ring
Kyber

Lattice (LWE)

attacks.

Kyber is based on the LWE problem, a well-studied problem in lattice-based
cryptography. It is efficient and resistant to quantum attacks.

Dilithium uses M-LWE, a variation of LWE with improved efficiency, particularly
in digital signatures. Like LWE, M-LWE is resistant to quantum attacks.
McEliece is based on error-correcting codes, specifically decoding random
linear codes, which is considered very difficult even for quantum computers.
Rainbow uses multivariate polynomial equations to construct its signature
scheme. It relies on the difficulty of solving systems of multivariate polynomials,
which is believed to be hard for both classical and quantum computers.

HFE is a public-key cryptosystem based on the difficulty of solving systems of
equations in finite fields. It is considered secure, but less studied compared to
other quantum-resistant schemes.

SPHINCS+is a hash-based signature scheme, utilizing the security of hash
functions. Since hash functions are believed to be quantum-secure (with only a
quadratic speedup from quantum algorithms), SPHINCS+offers strong security

against quantum computers.

Lamport is a hash-based signature scheme that uses the collision resistance of

hash functions for security. Like SPHINCS+, it is considered quantum-secure.

Dilithium Lattice (M-LWE)

McEliece Code-based (Linear codes)
Rainbow Multivariate polynomial equations
HFE Hidden field equations
SPHINCS+ Hash-based

Lamport Hash-based

SIKE Isogenies on elliptic curves

SIKE relies on the difficulty of finding isogenies (special mappings) between

supersingular elliptic curves. While promising, it is still under research, and
quantum resilience is still being evaluated.

M-LWE: Module learning with errors, HFE: Hidden field equations, SIKE: Supersingular isogeny key exchange, SVP: Shortest vector problem, LWE: Learning with errors

4. DISCUSSION

4.1. Lattice-Based Algorithms (Kyber, Dilithium)
These algorithms are highly effective and feature fairly small
key sizes, making them compatible for a comprehensive
sequence of applications, including constrained situations.
They are between the most secure choices existing, backed
by extensive research and proven mathematical basics in the
post-quantum cryptographic arena.

4.2. Code-Based Algorithms (VIcEliece)

While McEliece is famous for its strong security, the
impossibly large key sizes position challenges for widespread
adoption, primarily in systems with inadequate storage
or transmission abilities. However, its long-standing
confrontation to cryptography, which makes it a reliable
choice in extremely sensitive applications.

4.3. Hash-Based Algorithms (SPHINCS +)

These algorithms offer supreme security, particularly for
applications requiring a long-term battle against quantum
attacks. However, the inadequacy of signing processes and
larger signature sizes may limit their usability in performance-
critical systems.

26

4.4. Isogeny-Based Algorithms (SIKE)
SIKE stands out for its compacted key sizes, which are
beneficial in situations with bandwidth or storage limitations.
However, its slower performance and the quite nascent
nature of its security expectations involve further scrutiny
and research before widespread adoption.

9. CONCLUSION

The rapid advancements in quantum computing present
considerable threats to traditional cryptographic systems,
highlighting the vital need for a modification to PQC. This
paper has analyzed numerous promising post-quantum
cryptographic algorithms, including lattice-based, code-
based, multivariate polynomial, hash-based, and isogeny-
based approaches. Key issues measured in the evaluation
include security, efficiency, quantum resilience, key size, and
computational performance. Quantum computing is also
playing a key role in GIS systems hinging on protected and
efficient cryptographic methods to manage and allocate spatial
data. Implementing post-quantum algorithms guarantees these
systems remain strong as quantum computing abilities rise.

The conclusions designate that lattice-based and hash-based
cryptography reveal brilliant confrontation to quantum
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attacks, making them robust applicants for safeguarding
upcoming infrastructures. Algorithms such as Kyber and
SPHINCS+ excel in matching quantum resistance with
practical deliberations, such as key size and computational
efficiency. However, contests remain, particularly in enhancing
key generation periods and certifying competence in real-
world applications. In conclusion, the insights from this
study contribute to the developing field of PQC, arranging
groundwork for the development of secure communication
systems in quantum time. As quantum computing remains
in development, cryptographic systems must adjust to meet
these emerging contexts. The algorithms discussed in this
paper provide a solid initiation point for designing robust,
quantum-resistant cryptographic solutions to safeguard
upcoming communication systems.

The future direction of this paper should focus on the
following, which we couldn’t cover them in this study, which
are the:

e  Optimizing post-quantum algorithms: Research could
focus on improving the efficiency and scalability of PQC
algorithms.

e Broader geographic analysis: Investigate how specific
geopolitical factors influence the adoption of quantum-
resistant algorithms.

e  Standardization efforts: discover association opportunities
with international bodies.

e Interdisciplinary approaches: Influence fields such as
artificial intelligence or machine learning to enhance
cryptographic resilience in quantum-ready environments.
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ABSTRACT

Background: Carpal tunnel syndrome (CTS) is a condition, in which the median nerve becomes pressed or squeezed at the
wrist. This causes pain and numbness in the fingers. Therefore, a neurological study is crucial to assess the condition.
Objectives: The objective of this study was to assess the neurological manifestations of CTS and their association with
demographic and clinical features from October 2022 to March 2023. Materials and Methods: A quantitative study was
carried out over the period of 5 months by prospectively selecting and enrolling 100 CTS patients with a confirmed
diagnosis. The CTS assessment questionnaire was modified and patients consented to the study before the data collection.
Results: Adults aged 35-44 were the dominant group and the disease was found in females 10 times more than males.
The least assigned symptoms were tingling and numbness in the little finger (4%) and neck pain 22%. All the patients
with CTS presented with severe levels of CTS. Statistically significant associations were found between occupations,
duration of the disease, affected side, other chronic diseases, and the prevalence of the symptoms at P < 0.05. Self-
management to sub-side pain and numbness had crucial impact on reducing the symptoms (P < 0.05). Conclusion: The
prevalence of the neurological symptoms varied depending on the sociodemographic and clinical features. Self-management
had a significant positive impact on reducing some of the neurological symptoms, such as pain in the wrist at night and

tingling and numbness in the morning.

Index Terms: Carpus Tunnel Syndrome, Carpal Tunnel Syndrome, Neurological Symptoms

1. INTRODUCTION

A group of symptoms caused by compression of the median
nerve at the carpal tunnel is known as carpal tunnel syndrome
(CTS). Pain, numbness, or tingling on the anterior surface of
the index, middle, or radial half of the ring finger are signs
of compression of the median nerve. It is frequently linked
to hand grip weakness or nighttime symptoms, including
numbness and pain in the hands or arms [1].
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The pathophysiological mechanism linked to CTS is the median
nerve entrapment in the wrist, which causes compression of
the nerve, resulting in paresthesia, numbness, and hand muscle
weakness that can be diaghosed by the nerve conduction study [2].

The disease is very common in the general population; at
a point, the morbidity is rising with the advancement of
modern life. Since CTS is a common illness, research on its
ctiology is crucial to improving the quality of life among
patients. Individual characteristics such as age, sex, diabetes,
hypothyroidism, obesity, tobacco, injury, and occupational
factors are among the risk factors. However, the majority
of the studies were conducted on western societies [3].
A multifactorial etiology has been suggested by the
association between CTS and occupational i.e., repetitive and
forceful work such as gripping and vibrations [4].
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The links between CTS and work-related psychological
aspects at work are still unclear, despite an increasing number
of studies on occupational stress [5,6]. Because of increased
exposure to repetitive movements and a lack of recovery
time, lean production systems and the corresponding new
work organization systems are thought to intensify work
pace and job demand and, as a result, increase the risk of
musculoskeletal disorders. Some epidemiological studies
indicate associations between a higher risk of CTS and the
characteristics of the workplace [7]. Despite the available
evidence of high certainty about work[related physical risk
factors for CTS, there still might be a lack of awareness in
clinical care for prevention [4].

The current study aims to assess the neurological
manifestations of CTS and their association with demographic
and clinical features.

2. MATERIALS AND METHODS

2.1. Study Design and Population

A quantitative study of cross-sectional design was carried out
over the period of 5 months starting from October 2022 to
March 2023. The process of the study was declared to the
participants and verbal consent was taken from the patients
following the ethical guarantee from the Ethical Committee
for all Medical Colleges (College of Medicine, College of
Dentistry, College of Pharmacy, and College of Nursing) at
the University of Sulaimani.

2.2. Sampling Procedures

An accidental sampling procedure was applied to interview
100 patients with CTS who consented to the study and had
the characteristics of inclusion criteria.

2.3. Inclusion and Exclusion Criteria

Patients diagnosed with CTS were included after their
consent. Patients with non-confirmed diagnoses and patients
who did not wish to participate were excluded.

2.4. Diagnostic Tools

The diagnostic tool: The diagnosis of this disorder has been
performed by the patients’ chief complaint, and provocative
physical examination procedures such as Phalen’s sign and
Tinel’s sign. Phalen’s test is a series of hand motions and
positions that will make the hands or fingers feel numb or
tingly if a client has CTS. Tinel’s sign is a tingling feeling
when the clinician taps the client’s skin over an affected
nerve [5].
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2.5. Data Collection

Data were gathered by conducting interviews with using
a modified questionnaire in Sulaimani Rehabilitation and
Physiotherapy Center Qanat Street.

2.6. Data Analysis

The Statistical Package for Social Science version 25.0 was
used to analyze the data. Several statistical tests, including,
percentages, and frequencies, are among the descriptive
statistics. In the inferential statistics, Chi-square and Fishet’s
exact tests were used to analyze the data. The alpha level value
of 0.05 was used as the cutoff for statistical significance and
0.001 for high statistical significance.

3. RESULTS

Table 1 shows the sociodemographic characteristics
of the study participants, the age group between 35
and 44 years old comprises 54% of the total achieved
sample. According to the findings of the present study,
females were affected by CTS when compared to males
(91% female and 9% male). In addition, the majority
of the patients were married (69%), a quarter of the
total sample was illiterate, and eight patients completed
secondary school. In terms of occupation, which may
have a significant impact on the prevalence of the disease,
the majority of the participants were housewives, and the
proportion of the patients who retired from jobs was only
1%, besides patients who were employed comprised 34%
of the total sample.

Table 2 describes the clinical characteristics of the participants,
the proportion of the patients who never consumed alcohol
was 99%, however, 18% of them were smokers. The majority
of the patients had the disease for more than 1 year, which
is 71%, and the rest have it for <1 year. Regarding the side
that was affected by the neurological symptoms, right arm
symptoms were doubled when compared to the left side,
while patients who had symptoms on both arms had. Patients
who have not been diagnosed with other chronic diseases
were nearly twice as many as those with other chronic diseases
(65% vs. 35%, respectively). Type 2 diabetes mellitus was the
most prevalent chronic disease besides CTS (11%), while
only 2% of them had hypertension and gout disease. Finally,
ten patients (10%) of the total sample were living with more
than five comorbidities.

Table 3 shows the neurological clinical symptoms among the
patients. Seventy-seven percent of the patients had pain in
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TABLE 1: Sociodemographic characteristics of
the study participants

TABLE 2: Clinical characteristics among the
participants

Sociodemographic features Frequency Percent Clinical data n. (%)
Age groups Alcohol consumption
35-44 52 52.0 Yes 1 1.0
45-54 29 29.0 No 99 99.0
55-64 12 12.0 Total 100 100.0
65-74 6 6.0 Smoking status
75-84 1 1.0 Smoker 18 18.0
Gender Non-Smoker 77 77.0
Male 9 9.0 Ex-Smoker 5 5.0
Female 91 91.0 Duration of CTS
Marital Status <1 year 29 29.0
Single 15 15.0 More than 1 year 71 71.0
Married 69 69.0 Side of CTS
Divorced 4 4.0 Right side 55 55.0
Widow or Widower 12 12.0 Left Side 29 29.0
Level of education Both sides 16 16.0
llliterate 25 25.0 Other chronic diseases
Primary school 20 20.0 Yes 35 35.0
Secondary school 8 8.0 No 65 65.0
Diploma 26 26.0 Types of other chronic diseases
University and higher 21 21.0 Gout 2 2.0
Occupation Hypothyroid 4 4.0
Employed 34 34.0 DM 11 11.0
Self-employed 5 5.0 Rheumatoid arthritis 6 6.0
Housewife 47 47.0 HTN 2 2.0
Retired 1 1.0 more than 5 diseases 10 10.0
Jobless 13 13.0 Total 35 35.0
No Other diseases 65 65.0
Total 100 100.0

their wrists at night, besides tingling and numbness, which
accounted for 78% of the total sample. Morning symptoms
also comprised 72% of the participants, particularly tingling
and numbness. In addition, more than half of the patients
54% reported tingling and numbness when grasping
something,

Regarding specific areas of the symptoms, only 4 percent
complained of tingling and numbness in the little finger, and
neck pain was presented in 22%.

In Table 4, a statistically significant relationship was found
between the occurrence of tingling and numbness in the
morning and the patients’ occupation at P = 0.05. To
exemplify, this symptom was reported among 100% of
patients who were self-employed and more than 80% of
housewife patients who work repetitively handy work at
home. Moreover, all the patients who were retired from their
jobs complained of the same symptoms.

Table 5 illustrates a statistically highly significant association
between the clinical features of the participants and the
CTS symptoms. For example, 82% of the patients who had
the disease for more than 1 year presented with tingling and
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TABLE 3: Prevalence of neurological symptoms
among the patients

Neurological symptoms n. (%)
Pain in wrist at night 77 77.0
Tingling and numbness at night 78 78.0
Tingling and numbness in morning 72 72.0
Tingling and numbness in little finger 4 4.0
Tingling and numbness when grasping something 54 54.0
Neck pain 22 22.0

numbness in the morning when compared to those who had
a history of <1 year which only 48% complained with this
symptom at P = 0.001.

Tingling and numbness at night were found among those
who had other chronic diseases by almost 91%. Patients with
rheumatoid arthritis (RA), HTN, and comorbidity (more than
five diseases) presented without tingling and numbness in
the morning P = 0.016.

Table 6 discloses the level of CTS symptoms among the

patients, by which it has being found that 100% of the study
sample presented with severe levels of CTS symptoms.
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4. DISCUSSION

In the current study, most of the CTS were female and they
were doing housekeeping in terms of occupation. This is

TABLE 4: Association between patients’
occupation and the CTS symptom

totally in line with the finding of a study by Hong e a/., 2022
in China, by which female comprises the majority of the cases
when compared to males (72 females and 2 males). Among
the 72 females, 29 were housekeepers and 18 were farmers.
In another study that aimed to explore the characteristics of
CTS patients, it has being found that 63% of the cases are
temale and 37% — male [8].

In our study, the proportion of the right side wrist affected
with CTS was 55%, the left side — 29%, and both wrists —
16%, but these results are noticed in other studies differently.
For instance, Hong ¢ a/. found only 30% were affected with
the right side, 15% — left wrist, and 55% having CTS in both
wrists [8].

In the current study, a significant relationship was observed
between the occupations and the occurrences of CTS.
Similarly, in several studies, the role of occupations was
examined among workers and concluded with the significant
effects of occupation on the prevalence of CTS [9]—[11]

In this study, moreover, there is a great impact of
patients’ clinical data on the intensity and variation of the
neurological symptoms, For example, the duration of the
disease, the affected side of CTS, and the patients’ other
chronic diseases had a critical impact on the symptoms,
patients with type 2 diabetes mellitus presented with severe
neurological symptoms, especially tingling and numbness.
The results of a case—control study were in line with our
study presenting an association between diabetes mellitus and
CTS symptoms [12]. In addition, a study of the assessment
of the incidence and severity of CTS among RA patients
found the same curtailment impact of RA on the incidence
and symptoms of CTS [7], [12].

In our study, the level of CTS symptom intensity was analyzed
by the perceived CTS questionnaire. Following the scoring,
the study sample presented with severe CTS symptoms
and no one was found with mild symptoms. To discuss
this finding, no studies were found clearly with the same
results. However, there is a substantial amount of literature
highlighting the causes of the severity of CTS symptoms
including, nerve injury, duration of the disease, side of the
arm, occupation, and other comorbidities [13]—[16].

TABLE 6: The level of CTS symptoms among the
study sample

Level of CTS intensity Frequency Percent
Mild CTS symptoms 0 0.0
Sever CTS symptoms 100 100.0

Occupation Tingling and numbness Total
in morning
Yes No
n (%) n (%)
Employed 21(61.7) 13 (38.3) 34
Self-employed 5(100) 0(0.0) 5
Housewife 38 (80.9) 9(19.1) 47
Retired 1(100) 0(0.0) 1
Jobless 7 (53.8) 6 (46.2) 13
Total 72 (72) 28 (28) 100
FET*=7.5 P=0.05
TABLE 5: Association clinical features of the
patients and the CTS symptom
Duration of CTS Tingling and numbness  Total
in morning
Yes No
n (%) n (%)
<1 year 14 (48) 15 (52) 29
More than 1 year 58 (82) 13 (12) 71
Total 72 (72) 28 (28) 100
Pearson Chi-Square=11.4 P=0.001
Side of CTS Tingling and numbness  Total
in little finger
Yes No
Right side 0(0.0) 55 (100) 55
Left side 1(3.5) 28 (96.5) 29
Both sides 3(18.7) 13 (81.3) 16
Total 4 (4) 96 (96) 100
FET=11.3 P=0.03
Other chronic diseases Tingling and numbness  Total
at night
Yes No
Yes 31(91) 3(9) 34
No 47 (71) 19 (29) 66
Total 78 (78) 22 (22) 100
Pearson Chi-square=5.21 P=0.02
Types of other Chronic Tingling and numbness Total
Diseases in morning
Yes No
Gout 1(50) 1(50) 2
Hypothyroid 3 (75) 1(25) 4
DM 8 (73) 3(27) 1
Rheumatoid arthritis 6 (100) 0(0.0) 6
HTN 2 (100) 0(0.0) 2
more than 5 diseases 10 (100) 0(0.0) 10
Total 30 (30) 5(5) 35
FET=6.9 P=0.016
32
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5. CONCLUSION

The study discovered that patients with CTS mainly
experience neurological symptoms that interfere with their
daily activities. Tingling and numbness at night were the most
common symptoms among the patients. Several factors can
aggregate the symptoms, including the duration of the disease
and other comorbidities and their occupation.
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ABSTRACT

The diagnosis of Alzheimer’s disease (AD), a common neurodegenerative disease that impairs thinking and memory abilities
in older adults and ultimately results in cognitive impairment and dementia, is made possible in large part by computer-aided
diagnosis (CAD). The idea has been to use either machine learning models or deep learning models to develop classification
techniques for this disease. CAD techniques and mechanisms have emerged to help and facilitate early detection of this
disease as a fundamental step in its treatment plan. As part of our approach, we proposed a model that included the
following two pre-processing steps: Contrast Limited Adaptive Histogram Equalization (CLAHE) was utilized to enhance
image contrast, especially in low-contrast areas. Normalization was then incorporated to ensure reliable training and faster
convergence. A Gray-level co-occurrence matrix technique was used to extract seven texture features from the images
following pre-processing: contrast, homogeneity, energy, correlation, variance, dissimilarity, and entropy. After that, these
characteristics were added to the model output before the last classification layer. The best hybrid framework out of the
five models we examined in this paper was utilized to build a convolutional neural network that can be used to identify AD
characteristics from magnetic resonance images. As discussed in Section IV of this article, the U-Net model was selected
because of its superior performance. The experimental results demonstrate that this technique showed great accuracy in
segmentation and classification for each of the five AD Neuroimaging Initiative categories when a specific diagnosis was
made. These results are as follows: Overall, the five classes’ final average scores for the four measures were as follows:
94.46% for Accuracy, 94.32% for Precision, 94.49% for Recall, and 94.41% for F1-score.

Index Terms: Alzheimer Diseases, CLAHE, U-Net, Convolutional Neural Network, Magnetic Resonance Imaging,
Alzheimer’s Disease Neuroimaging Initiative

1. INTRODUCTION Computer-aided diagnosis (CAD) systems are used across
almost all the fields of medicine [1], and one of the
Today, due to the advancements in the fields of biomedical  prevalent diseases in medicine fields is the progressive

engineering, data acquisition techniques, and data analytics,  peurodegenerative disorder brain atrophy Alzheimer’s

disease (AD) [2], which is characterized as a most common

neurological disorder that ultimately triggers an irreversible
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of it [1]. The calculated annual fee of dementia is predicted
to be a trillion US dollars and is predicted to double by 2030
[4]. According to the World Health Organization (WHO)
report, more than 55 million people suffer from dementia
worldwide, and more than (60%) of them live in low- and
middle-income and learning countries. Every year, there are
approximately 10 million new cases [5], and by 2050, it is
expected to reach 13.8 million [4]. This indicates that the
prevalence of this disease will increase by more than (200%)
over the next 15 years [6].

As illustrated in Fig. 1, AD has five stages: (1) AD dementia
with severe symptoms, then (2) Late Mild Cognitive
Impairment (LMCI), (3) Mild Cognitive Impairment (MCI):
which is a condition that precedes dementia but does not
meet the criteria for a diagnosis of AD, (4) Early Mild
Cognitive Impairment (EMCI), (5) Cognitively Normal (CN):
pre-clinical dementia, which is classified by the symptom-free
period that occurs between the initial brain lesions and the
onset of the first symptoms |7].

The indications of AD typically evolve slowly and
gradually, and also patients may show various symptoms at
cognitive and behavioral levels; therefore, it can be difficult
and complex to diagnose AD. Within this framework,
developing innovative diagnostic tools to help diagnosing
the disease at an earlier stage is a challenging task. In this
context, there has been growing interest in using CAD
systems for automatic detection of AD [8]. A variety
of CAD approaches have been proposed for the early
diagnosis of various stages of AD using Magnetic resonance
imaging (MRI) [9], recently provided a non-invasive imaging
approach that can detect subtle morphological changes
in the brain [3]. MRI-based atrophy measurements are
considered valid markers of disease state and progression
since atrophy seems to be an inevitable and intrinsic factor
of progressive neurodegeneration. Moreover, changes
in structural measures, such as ventricular enlargement,
entorhinal cortex, whole brain, and temporal lobe

volumes, can be associated with modifications in cognitive
performance [7]. MRI scans provide detailed insights into
blood circulation and cerebral processes. Still, they cannot
detect brainwave activity or facilitate communication
between tumor cells [8], in addition, dissimilar X-rays, MRI
does not emit ionizing radiation, so it can be considered
a valuable opportunity to track the development of AD
and monitor the effectiveness of treatment [10]. With the
development of artificial intelligence (Al) and the great
progress in the field of computer vision and deep learning
(DL) over the past years, CAD applications in the medical
field have become widespread and play an important role in
diagnosing diseases, including the subject of our research
(AD) [11]. In CAD systems, DL is now making great
strides in medical image analysis [12]. DL has increased
importance in medical image analysis, driving the pursuit
of Al in medical imaging, which is widely accepted for
pattern recognition, primarily due to their unique feature
of being trainable as a complete program [8]. A huge
number of articles and researches have been published
through the internet about attendance and the importance
of DL in medical images, these ideas and approaches have
included individually or mixed (characterization, detection,
segmentation, registration, and classification). In the field
of medical imaging, especially in the analysis of AD, there
is a well-known trend of merging DL models with node
segmentation models include several network architectures,
such as convolutional neural network (CNN), which are the
furthermost used, VGG16, ResNet, U-Net, Mask R-CNN,
etc. [13]. The human brain has a structure with many
unique features that can be extracted by different CNN
models [14]. U-net is one of the greatest prevalent network
constructions used typically for segmentation [15], because
it is a semantic segmentation network that is constructed
on the full CNN, and was sophisticated in 2015 for the
processing of medical images [106]. Instead of using single
pixels to diagnose disorders, such as Alzheimer’s, trends
across regions of interest must be analyzed. Pixel-level
image quality should be strong, with enough contrast and

Fig. 1. Samples of magnetic resonance imaging images representing different Alzheimer’s disease (AD) stages. (1) AD, (2) Late mild cognitive
impairment; (3) Mild cognitive impairment, (4) Early mild cognitive impairment, (5) Cognitively normal.
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spatial resolution to reliably identify diseased or anatomical
characteristics. The study’s minimal pixel quality should
be in line with the requirements of the imaging modality.
Pixels of poor quality may produce noise or artifacts that
jeopardize the diagnostic results and model reliability.
Along with advancing quality control measures, these
permits employing the measurable features of impairment
(area, direction, etc.). This also makes it probable to well
understand the tincture of impairment and develop phases
to disregard it. To realize this, the U-Net neural network
offers for the semantic segmentation of images, where each
image pixel is classified as belonging to one of the damaged
classes, or to the undamaged part.

2. RELATED WORK

In this part of our article, we will try to provide a
comprehensive review of the articles conducted during the
past 5 years that is similar to the same topic of our study. Xia ez
al. 2020 [17], proposed a new combined CNN framework for
AD detection, and mutually 3D CNN and 3D convolutional
long short-term memory (3D CLSTM) were used. They
exploit a 3D CNN consist of 6 layers to learn instructive
features first, then 3D CLSTM is increased to additional
extract the channel-wise higher-level information. The model
applied on AD Neuroimaging Initiative (ADNI) dataset
and achieved (94.19%) of accuracy rate. Murugan ¢f al., in
2021 [18], employed a DEMentia NETwork (DEMNET)
with CNN to extract the discriminative features contained
(4) core phases: pre-processing data, balancing dataset
consuming Synthetic Minority Over-sampling Technique
(SMOTE), Splitting dataset, and classification using
DEMNET to detect the dementia stages from MRI obtained
from Kaggle using the ADNI dataset to predict AD classes.
The proposed DEMNET achieved an accuracy of (95.23%)
and an area under curve of (97%). Zhu ez al. also in 2021 [19],
proposed a Patch-Net to generate local illustrations from the
brain MRIs. They developed an attention-based pooling block
for features mixture and completely -associated layers assisted
for final calculations. Their model investigated on ADNI
dataset, and they obtained the best result was (92.40%) of
accuracy rate. Furthermore, in 2021, Shoaip ¢ a/. [20], used
the ADNI dataset and aimed to propose an interpretable
approach to detect AD based on AD diagnosis ontology and
the expression of semantic web rule language, by applying
an ontology-based method that employs (3) diverse machine
learning algorithms, such as random forest, JRip, and J48,
after excluding features with a high percentage of missing
data, such as DIGITSCOR, AV45, ABETA, TAU, and
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EcogSPTotal. The proposed classifiers achieved an accuracy
of (94.1%) and a precision of (94.3%). Helal ¢z a/. in 2022,
used the ADNI Medical Image dataset and proposed a main
objective framework with DL-AD (DL-AHS) based on the
U-Net architecture and estimated using the Processing,
Analysis, and Visualization technique. They anticipated two
architectures for left and right HC segmentation from other
brain sub-regions. First utilized simple hyperparameters
tuning in the U-Net (SHPT-Net) and the second employed
a transfer learning technique in which the ResNet blocks
are used in the U-Net (RESU-Net). The result achieved a
performance (94.34%) of accuracy rate [21]. In 2023, Noh
et al. [22], employed spatial and sequential feature extractors,
utilized the former U-Net construction in extraction, after
that used LSTM to extract temporal features, and executed
(4)-step pre-processing to eliminate noise from the fMRI
images. In their trained approach, they qualified each
of the (3) models by fine-tuning the time measurement.
Finally, they revealed an average (96.4%) of accuracy when
consuming (5)-fold cross-validation. Furthermore, in 2023,
Chen et al. |23], proposed a model that directly modeled the
brain’s organizational networks from DTI. They linked the
permanent toolkits, Brain Diffuser, and thwarted additional
operational connectivity features and disease-related
information by investigating differences in structural brain
networks across subjects. They achieved an accuracy rate of
(87.83%), Precision (87.83%), Recall (92.66), and Fl-score
(87.83). In the same year, Bhosale ef a/. 2023 [24], used a
U-Net Convolutional Network-based approach to segment
AD from ADNI 2D brain MRI images. By implementing a
series of convolutional functions using a (3 X 3) filter as the
initial design of the U-Net, they used a mixing technique of
minimum pooling and average pooling as a hybrid pooling
instead of using only maximum pooling. Finally, their updated
approach clearly outperformed the original U-Net model,
achieving an impressive performance of (91.23%) accuracy.
Gupta ez al. in 2024 2], conducted an organized evaluation
to investigate the estimation of AD on existing toolkits in
the ADNI dataset using the Preferred Reporting Item for
Systematic Review and Meta-Analysis strategies using ADNI
dataset and presented AD Detection Network employment,
They achieved results: an accuracy rate of (94.33%),
Precision (90.4%), Recall (90.3%) and F1-Score (91.2%).
Firdos et al. in 2024 |25], explored the effectiveness of CNN
constructions, such as UNet, LeNet, and Googl.eNet, and
revealed that the CNN model achieved the highest accuracy,
with LeNet achieved an accuracy of (97%), UNet at (94%),
and GoogleNet at (51%), using ADNI dataset images.
These focus attention on the potential of DL to improve
the detection and classification of AD and prepare eatly
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TABLE 1: Summary of related works (They all used the ADNI dataset)

Related work Preprocessing Model training Feature extraction Classification Results
Xia et al. Not detailed 3D CLSTM Spatial information from 3D CNN and 3D Accuracy
2020 [17] the 3D CLSTM 94.19%
Murugan Spatial rotation, flipping, DEMNET Spatial features. softmax activation ~ Accuracy
etal., [18] scaling, function 95.23%
AUC 97%.
Zhu et al. [19] Skull stripping, spatial Dual Attention Deep features from each Fully connected Accuracy
normalization, and Multi-Instance Deep 3D patch layer followed by a  92.40%
intensity normalization Learning (DA-MIDL) softmax activation
function
Shoaip Skull stripping, intensity Semantic rule-based Brain volume metrics (e.g.,  Semantic Accuracy
et al. [20] normalization, and spatial framework. hippocampus, entorhinal reasoning engine 94.1% and
alignment cortex) precision
94.3%
Helal et al. [21]  Skull stripping, spatial Neural Network: Hippocampus and cortical InceptionV3-TL Accuracy
normalization, and U-Net-like architecture regions 94.34%
intensity normalization
Noh et al. [22] Motion correction, Slice Support Vector Machine 3D-CNN used to extract Utilization of SVM Accuracy
timing correction, Spatial (SVM) spatial features and the to classify subjects  96.4%
normalization, Spatial rs-fMRI for temporal into respective
smoothing. categories
Region of Interest (ROI)
Chen et al. [23] Noise reduction and A novel diffusion-based Feature Extraction Net Neural network Accuracy
tensor reconstruction. generative model called (FENet) to extract the models integrated  87.83%
Spatial alignment. “Brain Diffuser” structural attributes from into the pipeline Precision
Extraction of fractional DTI. for disease 87.83%
anisotropy (FA) and mean classification Recall
diffusivity (MD). 92.66%
F1-score
87.83%
Bhosale Noise reduction, Enhanced U-Net Gray matter, white matter, A shallow neural Accuracy
et al. [24] Normalization, Skull architecture cerebrospinal fluid, network trained on  91.23%
stripping, Resizing. Volumetric features. extracted features.
Gupta Image Registration, Adversarial sMRI: gray matter volume, Dense neural Accuracy
etal. [2] Normalization, Skull Network-based cortical thickness, and network 94.33%
Stripping architecture designed for  hippocampal shape. Precision
multimodal data fMRI: Captured functional 90.4%
connectivity patterns and Recall 90.3%
brain activity networks. F1-score
91.2%
Firdos et al. in Resizing: dimensions GooglLeNet GooglLeNet: multi-scale Effectiveness Accuracy
2024 [25] required by GooglLeNet, LeNet spatial features. of CNN GooglLeNet
LeNet, and UNet. UNet LeNet: Captured basic constructions, 51%
Normalization. structural patterns. such as UNet, LeNet 97%
Data Augmentation: UNet: Focused on LeNet, and UNet at 94%
rotations, flips, and segmenting brain regions. GooglLeNet
brightness.
Segmentation

(UNet-specific).

AUC: Area under curve, CNN: Convolutional neural network, ADNI: Alzheimer’s disease Neuroimaging Initiative

interferences and individual care effortless. The promising
results from the CNN model’s highpoint, their ability to
convert the clinical technique to Alzheimer’s, highlighting

the importance of technical developments in addressing

this incapacitating state. Table 1 below summarizes the

related works, and describes (Dataset, Pre-processing, model

training, feature extraction, classification, and results).
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3. PROPOSED METHOD

In this study, we proposed a hybrid image classification
approach (U-Net CNN) to classify the five pre-determined
classes of AD. The method was divided into several stages:
image pre-processing, feature extraction, and DIL-based
classifications as shown in Fig. 2 below.
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Fig. 2. The block diagram of the proposed approach.

3.1. Pre-Processing

To reduce the (time requested and the learning difficulty)

of the proposed model, we increased the contrast level

of the images and then we normalized them which is very
necessaty for detecting and classification of AD cases. This
pre-processing stage included two steps:

a.  Using contrast limited adaptive histogram equalization
(CLAHE) which performed to enhance the contrast of
specific ranges by adjusting the intensity levels according
to local histograms [20], as shown in Fig, 3. This leads to
additional detailed illustration of the crucial structural
features of and improve our technique.

b. There are several types of normalization, such as intensity
normalization (IN), spatial normalization, Z-score
normalization, and numerical normalization. That can
be used to remove some vatiations in the data, such as
different subject pose or differences in image contrast,
to simplify the detection of subtle differences [21].
In our proposed model, IN was used, where the pixel
intensity values of the images are normalized to the range
[0, 1] by dividing the pixel values by 255. This kind of
normalization confirms that the input data has steady
intensity levels, refining convergence throughout training
and making the model fewer sensitive to variations in
input brightness. Fig, 4 illustrates the result of normalizing
on the same images that used in Fig, 3.

3.2. Texture Feature Extraction

Enables the extraction of valuable information for tasks,
such as texture classification and segmentation [27].
Everywhere, when the Gray-level co-occurrence matrix
(GLCM) is computed, there are seven numerous statistical
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measures (Contrast, Homogeneity, Energy, Correlation,
Variance, Dissimilarity, and Entropy) can be derived from
it to characterize the texture and structure of the image.
Experimenting with different parameters and features
allows for fine-tuning the analysis to specific application
requirements, making GLCM a versatile tool in the field of
image processing and computer vision [27].

3.3. U-net-based DL Framework

Among various network models, U-Net stands out as the
most widely used encoder—decoder model for medical
image segmentation [28]. U-net is a neural network model
that is usually used for medical image segmentation and its
performance has become the baseline for most medical image
semantic segmentation tasks. Fig. 5 below demonstrates the
universal construction of a basic U-Net neural network [29]. It
is proportion and contains two main portions: the compression
(i.e. the encoder: left), and the expansion (i.e. the decoder:
right). The compression part is a typical CNN structure,
contain recurrent convolutions with a (3 X 3) kernel, followed
by rectified linear unit (ReLLU) operations and max pooling,
and with each down-sampling procedure, there is a doubling
of feature maps. At the end of each up-sampling, convolution
is applied using a (3% 3) kernel and a ReLLU activation function.
Asaresult of the up-sampling, new pixels are inserted between
the existing ones, until the image reaches the wanted size. The
final layer uses a 1X1 convolution, which schemes each feature
vector onto the anticipated number of classes.

Thus, a Hybrid Framework of a U-net-based CNN style
model is proposed for the diagnosis of AD. The core features
of the U-net neural network comprise skip connections and a
U-shaped structure with symmetrical encoders and decoders.
The U-net executes down-sampling operations through the
encoder to gain high-level semantic features and up-sampling
operations through the decoder to correspondingly restore
the high-level semantic feature map to the original image
determination. At the same time, the network structure mixes
the improved feature with the low-level features through
skip connections, which helps the model not only learn the
semantic features from MRI scans but also motivates the
model to pay attention to the original subtle features. The
classification of the images is performed using a hybrid
approach, where texture features are learned by a custom
U-Net-based CNN. The proposed hybrid framework
U-Net-based CNN is applied based on the default U-Net
architecture as shown in Fig, 6. It consists of ten layers:

1) Input Layer: Accepts pre-processed image data and

texture features (GLCM) as inputs.
2) Down-sampling (encoding layer) involved 2 blocks,
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Fig. 4. Normalizing images to the range [0,1].
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Fig. 5. U-shaped structure of the U-Net neural network [30].

and each block: Applied (conv2D (32) filters, kernel
size = (3,3), activation= “ReLU”, padding = “same”
to reduce feature map dimensions by half and use Max-
Pooling 2D (Pool size (2, 2), to reduces spatial dimensions.
Bottleneck layer to compress features to the smallest
spatial representation Applied (conv2D: High-
dimensional (128) filters and Dropout as a Regulatization
to reduce overfitting,

Up-sampling (decoding layer) with Size (2, 2) involved
2 blocks, and each block: Applied (Conv2D: 64 filters,
kernel size (3, 3), padding = Skip Connection:
Concatenate with corresponding encoder block,
Conv2D: 64 filters, kernel size (3, 3), padding = “same”
Fusion with GLCM features (Process GLCM texture
features using a Dense layer (64 neurons), then
combining processed GLCM features with the decoder
output through concatenation.

Output layer, applied (conv2D layer with filters = number
of classes and activation= “softmax” to produce class
probabilities.

same”,

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

7)

8)

9)

Compilation (loss function and optimizer) layer,
involved: (a) Loss Function: categorical cross-entropy,
multi-class classification, (b) Optimizer: Adaptive
Moment Estimation optimizer, learning rate=1e™,
(c) Metrics: Accuracy, Precision, Recall, and Fl-score
for performance evaluation.

Hybrid framework layer: combining spatial (U-Net-
based) and texture (GLCM-based) features for
classification, the objective was to leverage both spatial
features (via CNN) and handcrafted descriptors (via
GLCM) and the benefit was to improves classification
by capturing complementary patterns, enhancing
Alzheimer’s detection accuracy.

Training the CNN: Pre-processed images and
GLCM features are passed through the model, and
Labels are one-hot encoded for multi-class support,
then Train using augmented data (Techniques
include rotation, shifting, and flipping) to improve
generalization.

10) Optimization method: used Adaptive Moment Estimation
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Fig. 6. The proposed hybrid framework U-Net-based convolutional neural network architecture.

optimizer (Adam) optimizer with adaptive learning rates
to ensure smooth convergence during training,

11) Training parameters: Define epochs (20) and batch size
(defined implicitly by the fit method) to balance speed
and convergence.

3.4. Training Process for the Hybrid U-Net and CNN
Model

The objective was to train the Hybrid U-Net with GLCM
Features to learn spatial, texture-based, and semantic features
for AD detection.

3.4.1. Inputs during training

a) Input Images: Pre-processed MRI scans fed into the
U-Net encoder.

b) GLCM Features: Extracted texture features (contrast,
homogeneity, energy, and correlation) concatenated at
the decoder stage.

¢) Labels: Ground truth labels (e.g., AD stages or healthy
controls), either for segmentation maps (if using U-Net
for segmentation) or for classification.

4. EXPERIMENTAL RESULT

4.1. Dataset

A Novel Image Casting and Fusion for Identifying deep
Information utilized in this paper was gained from the ADNI
information base (www.kaggle.com/datasets/kaushalsethia/
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TABLE 2: Total 18775 MRI images in ADNI
classified into different AD categories

Groups Classes Testingimages Training images
Demented AD 810 7536

LMCI 72 72

MCI 233 922

EMCI 240 240
Non-Demented CN 1220 7430
Total=18775 2575 16200

LMCI: Late mild cognitive impairment, MCl: Mild cognitive impairment, EMCI: Early
mild cognitive impairment, CN: Cognitively normal, AD: Alzheimer’s disease,
MRI: Magnetic resonance imaging

alzheimers-adni) which is a comprehensive and widely used
collection of MRI images format. ADNI inspires a direction
for scientific researchers to main robust investigation and
offer feasible evidence with different predictors around the
world. The dataset contains a total of 18775 imaging sessions
in which the patients or individuals are categorized into two
groups (testing and Training) as shown in Table 2 below,
and each group had alienated into five classes that are: AD,
LMCI, MCI, EMCI, and CN.

4.2. Performance Metrics

a) Accuracy is the most common measure used to answer
the question “Of all the predictions we made, how many
were correct?,” therefore ACC is the number of accurate
predictions to the whole quantity of predictions. And
calculated by Equation (1).
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TABLE 3: CNN results without pre-processing

Groups Classes Accuracy (%) Precision (%) Recall (%) F1-score (%)
Demented AD 92.21 92.45 92.52 92.48
LMCI 89.48 89.25 89.35 89.30
MCI 90.41 90.74 91.74 91.24
EMCI 90.85 90.35 91.40 90.87
Non-Demented CN 93.98 93.48 92.11 92.79
Average 91.39 91.25 91.42 91.34

LMCI: Late mild cognitive impairment, MCl: Mild cognitive impairment, EMCI: Early mild cognitive impairment, CN: Cognitively normal, AD: Alzheimer’s disease, CNN: Convolutional

neural network

TABLE 4: CNN results after pre-processing

Groups Classes Accuracy (%) Precision (%) Recall (%) F1-score (%)
Demented AD 94.06 93.62 94.19 93.90
LMCI 90.33 89.50 90.06 89.78
MCI 90.66 90.59 91.84 91.21
EMCI 91.80 91.51 92.15 91.83
Non-Demented CN 93.83 93.33 91.96 92.64
Average 92.14 91.71 92.04 91.87

LMCI: Late mild cognitive impairment, MCI: Mild cognitive impairment, EMCI: Early mild cognitive impairment, CN: Cognitively normal, AD: Alzheimer’s disease, CNN: Convolutional

neural network

TABLE 5: U-Net model's performance after pre-processing

Groups Classes Accuracy (%) Precision (%) Recall (%) F1-score (%)
Demented AD 95.07 94.32 94.19 94.25
LMCI 91.34 90.52 90.82 90.67
MCI 91.58 92.61 92.06 92.33
EMCI 93.55 92.12 92.28 92.20
Non-Demented CN 93.83 93.33 91.96 92.64
Average 93.07 92.58 92.26 92.42

LMCI: Late mild cognitive impairment, MCl: Mild cognitive impairment, EMCI: Early mild cognitive impairment, CN: Cognitively normal, AD: Alzheimer’s disease

TABLE 6: The final results from the five categories in the ADNI dataset using U-netbased CNN

Groups Classes Accuracy (%) Precision (%) Recall (%) F1-score (%)
Demented AD 96.08 96.32 96.39 96.35
LMCI 92.35 92.12 92.22 92.17
MCI 93.28 93.61 94.61 94.11
EMCI 93.72 93.22 94.27 93.74
Non-Demented CN 96.85 96.35 94.98 95.66
Average 94.46 94.32 94.49 94.41

LMCI: Late mild cognitive impairment, MCl: Mild cognitive impairment, EMCI: Early mild cognitive impairment, CN: Cognitively normal, AD: Alzheimer’s disease, ADNI: Alzheimer’s

disease Neuroimaging Initiative, CNN: Convolutional neural network

TABLE 7: Comparative six models experimental

results
Model Accuracy Precision Recall F1-score
(%) (%) (%) (%)
FCN 93.71 93.52 94.30 93.91
SegNet 94.06 94.23 94.51 94.37
ResNet 93.41 94.12 93.97 94.04
DenseNet 94.14 94.09 93.66 93.87
U-Net 94.46 94.32 94.49 94.41%
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TP+ FP+TN + FN y
TP+ FP+TN + FN

Accuracy = 100 (1)

b) Precision is a metric that gives you the number of true
positives to the number of total positives that the model
expects. Or we can say “the obtainable of all the positive
predictions we completed, how many were correct?”, it
is calculated by Equation (2).
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TABLE 8: Accuracy rate of other approaches with the same ADNI dataset

Techniques Accuracy (%) Precision (%) Recall (%) F1-score (%)
Xia et al. 2020 [17] 94.19 - - -
Zhu et al. 2021 [19] 92.40 - - -
Shoaip et al. 2021 [20] 94.10 94.3 - -
Helal et al. in 2022 [21] 94.34 - - -
Chen et al. 2023 [23] 87.83 87.83 92.66 87.83
Bhosale et al. 2023 [24] 91.23 - - -
Gupta et al. 2024 [2] 94.33 90.4 90.3 91.2
Firdos et al. in 2024 [25] 94
Proposed Approach 94.46 94.32 94.49 94.41
P 4.5. Performance Comparison
Precision= mxmo (2 More tests were conducted to evaluate our suggested

¢) Recall focuses on how good the model is at the outcome
of all the positives. It is also entitled “true positive rate”
and replies the question “Out of all the data points that
should be predicted as true, how many did we acceptably
predict as true?”, Recall is calculated by Equation (3).
TP

———x100 3)
TP + FN

Recall =

d) Fl-score: Balances precision and recall, making it most
useful when dealing with imbalanced datasets or unequal
error costs, Fl-score is calculated by Equation (4).

Recall = 2 x Recall x Precision <100 @

Recall + Precision

4.3. Performance Evaluation

As a baseline DL method, we first assessed the CNN model
without and then after pre-processing, the findings are shown
in Tables 3 and 4.

Next, we evaluated the U-Net model’s performance
independently after pre-processing, as indicated in Table 5.

Finally, the hybrid approach, which combines CNN and
U-Net, was then used to examine the possible advantages of
this integration. Table 6 displays the final results for the four
metrics are detailed with the final average for each metric for
the five categories in the ADNI dataset.

4.4. Models Validation

To validate our technique and ensure the segmentation effect
of the proposed hybrid U-Net framework model, other four
models, including FCN, SegNet, Resnet, and Densenet were
tested on the same prepared dataset, the results in Table 7
showed the strength of our proposed model.
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technique’s performance by comparing it with other
techniques. Our suggested hybrid technique achieves the
greatest performance (accuracy, precision, recall, and F1-
score), as shown by the findings in Table 8. Some of certain
cells are left blank since all of the most recent methods either
tested their strategy only in terms of accuracy or combined
accuracy with recall or Fl-score.

5. CONCLUSION

Even though DL was initially successful in clinical practice,
there are still difficulties in identifying complicated
lesions and many intersecting diseases, which calls for
the development of more DL-based approaches. When it
comes to clinical intelligence-guided decision-making, these
analytical endeavors include identifying barriers, creating
prediction models, and other essential components that
form the basis. The effectiveness of the U-net CNN model
was demonstrated by obtaining final average results for
the four measures: accuracy (94.46%), precision (94.32%),
recall (94.49%), and F1-score (94.41%) as overall rates. The
experiment results demonstrate that skip connections and
deep supervision can improve the classification model’s
performance. The U-net CNN model was applied to RMI
images from the ADNI dataset, which specializes in AD
diagnosis.
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ABSTRACT

Recently, research on multi-objective optimization algorithms for community detection in complex networks has grown
considerably. Community detection based on multi-objective algorithms (MOAs) in complex social networks is a fundamental
scheduler, and it supports knowing the dynamics of a society, finding influential groups, and improving information
dissemination. The traditional methodologies often cannot cope with the features that real-world network usually present,
related to optimizing various and sometimes conflicting objectives. This paper provides an overview of some recent
works on MOAs for community detection in complex social networks. This paper will explore the balance of the reached
objectives, such as modularity, community size, and edge density. Which are analyzed by 15 different approaches in
order to choose from works published during the period 2019-2024. These strengths and limitations of various MOAs
are reviewed with a comparative analysis to provide insights into both the effectiveness and computational efficiency
of these methods. The present trends and future research are discussed that underline the need for the development of
solutions to be more adaptive and scalable in coping with the gradually increasing complexity of social networks.

Index Terms: Meta-heuristic, Multi-Objective Algorithm, Community Detection, Complex Networks, Optimization and

Objective

1. INTRODUCTION

Optimization is a field that combines computer science
and mathematics to develop methods for solving complex
optimization problems. To solve these issues, one objective or
multi-objectives must be maximized or minimized depending
on optimization variables. The optimization variables may
be real or integer values [1]. There are many optimization
algorithms designed for many purposes, such as computer
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technology, economics, engineering, medicine, and logistics.
The aim of these algorithms is to find the best solution
to an optimization problem [2]. There are three types of
optimization:

1.1. Single Objective Optimization

This type of optimization is used when there is only one
objective. Other essential objectives are ignored or even have
an impact on them [3].

1.2. Multi-Objective Optimization

Algorithms with a set of objectives (typically consist of two
or three objectives) are named by multi-objective algorithms
(MOAs). MOAs try to identify an optimal solution or more
than one solution to an optimization problem by maximizing
or minimizing these objectives [4].
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1.3. Many-Objective Optimization

Multi-objective optimization involving more than three
objectives is known as many-objective optimization
algorithms [5].

As mentioned previously, the field of optimization is
used for solving many different problems; one of them is
community detection in complex social networks. There are
many real-world complex systems that can be demonstrated
as complex networks, such as technology networks, social
networks, web networks, and biological networks [6]. First,
we need to understand what the meaning of community
is. A community is a set of entities that are more strongly
connected to each other than the other entities within the
network [7]. These communities need some techniques,
such as optimization algorithms, to be detected within the
network. The techniques of community detection play a
crucial role in understanding the functionality of complex
networks [8]. This process is used to find hidden structures
of communities in complex networks and it can be used
to find the topology structures of complex networks
and understand what the functions of complex networks
are [9]—[12]. In mathematics, complex networks can be
demonstrated as graphs, where nodes in a graph are denoted
as vertices in the network and links can be used to show the

edges of a network [13]. Fig, 1 shows a simple community
detection using graph theory.

Nowadays, many optimization algorithms are proposed
to address the issue of community detection, such
as greedy algorithms and meta-heuristic algorithms.
However, the greedy technique is not performing well for
detecting communities in large complex networks [14].
However, meta-heuristic algorithms play a crucial role in
detecting communities in complex social networks. There
are many different meta-heuristic algorithms. The vast
majority of meta-heuristics belong to algorithms inspired
by nature, such as genetic algorithms (GAs), particle
swarm optimization (PSO), and ant colony optimization
[15]. A number of them belong to non-nature-inspired
algorithms, for example, Tabu Search [16] and Iterated
Local Search [17].

This review paper reviews some state-of-the-art
algorithms based on multi-objective optimization
for detecting communities in complex social
networks. Furthermore, some of these approaches
enhanced meta-heuristic optimizations to detect
high-quality communities. Moreover, another made
is a combination of the meta-heuristic algorithms

Communities

Edges

Fig. 1. Example of showing community structure by a graph theory.

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

45



Mariwan and Kamaran: Multi-Objective Algorithm for Community Detection

to perform better quality of detection. The detail is
presented in Section 3.

The rest of the paper is organized as follows: Section 2 is a
research strategy; the strategy of the research is explained
here. Section 3 presents a literature review; in this section,
we discuss the contributions of 15 different researchers.
Section 4 is methodology; in this section, the common
datasets and evaluation metrics are explained. Section 5
is a comparison and discussion; this section is about the
comparison between approaches in terms of objectives,
some popular problems of algorithms, solutions, challenges,
and future work based on gaps in the reviewed algorithms.
The final section is a conclusion; the paper is concluded
here.

2. RESEARCH STRATEGY

This paper presents a review of the available literature
on MOAs for community detection in a complex social
network. Hence, a few different multi-objective strategies
that work for community detection in different complex
networks are presented. The approaches selected for
consideration in supporting the goals of our research
have been based on originality and thorough coverage
of significant subjects related to MOAs for community
detection. In this review paper, fifteen different
approaches have been selected from the range of 2019—
2024. Moreover, most of the research in our paper is from
well-renowned conferences and journals. Furthermore,
this literature presents and discusses methodologies and
improvements for each selected approach. Table 1 shows
the characteristics of fifteen different papers related to

community detection in a complex social network by a
MOA.

All of these papers are classified into 6 categories. Each
category shows the number of papers that were published
in the mentioned year that are presented in Fig. 2.

Furthermore, each of those researchers used more than
one complex network to test and compare their algorithm
with previous algorithms. Table 2 shows the number and
names of the networks used by each paper to test the
result.
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TABLE 1: Presents the characteristics of all 15
papers in our literature

References

Title

Year of
publication

(18]

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

A multi-objective multi-agent
optimization algorithm for the
community detection problem

An Enhanced Multi-Objective
Evolutionary Algorithm with
Decomposition for Signed
Community Detection Problem

A Compression Based
Multi-Objective Evolutionary
Algorithm for Community Detection
in Social Networks

Evolutionary Multi-Objective
Optimization Algorithm for
Community Detection in Complex
Social Networks

A Parallel multi-objective
evolutionary algorithm for
community detection in large-scale
complex networks

Multi-objective NSGA-II-based
community detection using
dynamical evolution social network
A fast variable neighborhood
search approach for multi-objective
community detection

A Multi-Objective Evolutionary
Algorithm with Neighbor Node
Centrality for Community Detection
in Complex Networks

A Multi-Objective Evolutionary
Algorithm Based on Mixed
Encoding for Community Detection
A Two-Stage Multi-Objective
Evolutionary Algorithm for
Community Detection in Complex
Networks

A Macro-Micro Population-Based
Co-Evolutionary Multi-Objective
Algorithm for Community Detection
in Complex Networks
Multi-objective Optimization
Overlapping Community Detection
Algorithm based on Subgraph
Structure

A Multi-Objective Pigeon-Inspired
Optimization Algorithm for
Community Detection in Complex
Networks

Two-stage multi-objective
evolutionary algorithm for
overlapping community discovery
Community Detection in Social
Networks Using a Local Approach
based on Node Ranking

2019

2020

2020

2021

2021

2021

2021

2022

2023

2023

2023

2023

2024

2024

2024

NSGA: Non-dominated sorting genetic algorithm
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TABLE 2: Presents a number and name of
networks used to evaluate the algorithm by each
paper in the literature

Number of Network’s formal name
networks
used by

each paper
[18] 5

References

Karate, Les Misérables, Bernard,
Grevy’s zebra, Facebook

Karate, Dolphins, Football 2000,
Football 2001, Krebs

Karate, Dolphins, Football,
Polbooks, Co-authors, Email,
Netscientist, Facebook, GR_QC,
GC_Hep_TH, GC_Hep_PH.
Karate, Dolphin, Football, Books
about US Politics.

Football, Net-science, blogs,
ca-GrQc, ca-HepTh1, ca-HepTh2,
ca-AstroPh, ca-CondMat,
loc-Brightkite, loc-Gowalla.
Last.fm, Douban, SYNFIX.
Karate, Dolphins, Football,
netscience, jazz, musae_DE_
edgesnetwork, musae_ENGB_
edgesnetwork, musae_ES
edgesnetwork, musae_FR_
edgesnetwork, musae_RU_
edgesnetwork.

Karate, Dolphin, Football 2000,
Football 2001, Kreb’s books, SFl,
Jazz, Netscience, Power grid.
Karate, Dolphins, Books, Football.
Karate, Dolphin, Football,
Polbooks

Karate, Dolphin, football, the
Books about US politics, the Yeast
PPI dataset, the Blogs network,
the PGP network, Ca-GrQc,
Ca-HepTh1, Ca-HepTh2,
Ca-AstroPh, Ca-CondMat,
Epinions, and Enron-large.
Karate, dolphin, football, American
political books network.

Karate, Dolphin, Football

Karate, Dolphin, Football,
Polbook, Email, Jazz, SFI, Y2H,
Yeast-D2.

Karate, Dolphins, PolBooks,
Football, SFI, NetScience,

Email, PowerGrid, PGP, GrQc,
ca-AstroPh, ca-HepTh, ca-HepPh,
Condmat-2003, Condmat-2005,
Email Enron, Collaboration,
Internet.

[19] 5

[20] 11

[21] 4

[22] 10

[23] 3
[24] 10

[25] 9

[26] 4
[27] 4

[28] 14

[29] 4

[30] 3
[31] 9

132] 18

3. LITERATURE REVIEW

In this section, we discussed the methodology and
contribution for each selected paper. The algorithms are
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Fig. 2. Demonstrates the number of selected paper per year.

categorized into three categories (modified evolutionary
algorithms, hybrid evolutionary algorithms, and swarm
intelligence algorithms).

3.1. Modified Evolutionary Algorithms

Hosseinian and Baradaran [18] proposed a new approach
named a multi-objective multi-agent optimization algorithm
(MAOA) for detecting community problems in social networks.
This algorithm optimizes each objective simultaneously to
obtain enhanced accuracy and efficiency in the detection
of communities in the networks. This algorithm introduces
an agent-based multi-objective for detecting communities.
The agents are organized into groups of leaders and active
agents. By having this, the algorithm used a grouped structure.
By enhancing the agent’s environment and behaviors, the
algorithm effectively facilitated the solution space exploration.
Another contribution in this approach is integrating the
concept of Pareto dominance to ensure the algorithm can
approximate the Pareto optimal front and identify solution
efficiency. Experimentally, there are two main contributions:
Performance improved by using a multi-agent strategy and
providing better initialization to make more applicability in
large and more complex networks. Experimental results were
tested on some real-world networks and compared with three
meta-heuristic algorithms. The result demonstrates that the
MAOA performs better in terms of accuracy and efficiency.

Another approach based on a multi-objective evolutionary
algorithm with decomposition (MOEA/D) is proposed
by Abdulrahman e a/. [19]. It is decomposing the multi-
objective optimization problem into several sub-problems
efficiently. The aim of this method is to balance the quality
of detecting communities with the distribution of solutions
through the Pareto front and find a different set of Pareto
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optimal solutions. MOEA /D focused on enhancing mutation
operators to improve performance. Unlike the traditional
mutation operator, this randomly selects a node for mutation.
In this approach, the internal and external connections
between nodes have been calculated. Nodes with low internal
and high external connections are called positive connections
and nodes with high internal and low external connections are
called negative connections. The mutation operator has been
applied over the positive connections. Having positive and
negative connections helps the efficiency of the algorithm.
A variety of real-world networks were selected to evaluate
the petformance of MOEA/D. The result of this approach
is outperformed compared with the traditional methods.
It provides a better structure for community detection in
dynamic networks.

In the same year of [19], Liu ¢f a/. [20] designed an enhanced
algorithm using a multi-objective evolutionary algorithm
(MOEA). To optimize the process of community detection,
the proposed algorithm performed a compression-based
method to optimize two objectives, such as maximizing the
modularity and minimizing the number of communities.
The compression process was applied over the network
topologies to obtain smaller networks. The main purpose
of this approach is improving efficiency by compressing
networks because the majority of algorithms for community
detection have a problem of computational time. Furthermore,
to prefer a better community structure, both initialization
and mutation processes have been improved. The approach
conducts extensive experiments on some datasets and the result
outperforms some existing methods in terms of computational
efficiency and accuracy. The proposed algorithm has the ability
to exploit in the search of an optimal solution and make a
balance between exploration and exploitation. The results are
tested on some different datasets and compared with some
state-of-the-art algorithms. The proposed algorithm obtained
higher accuracy and performance.

Another paper by Shaik ez a/. [21] presents a novel algorithm
to detect communities in complex social networks using
three objectives. Optimizing three objectives is a main
novelty because traditional approaches primarily focused on
single or two objectives. There are two variants of a non-
dominated sorting GA (NSGA) I1I introduced. The first is
NSGA-II-KRM (kernel k-means, ratio cut, and modularity)
and the second variant is NSGA-III-CCM (community
score, community fitness, and modularity). Moreover, a new
measurement of the ranking mechanism for Pareto solutions
by using a ratio of hyper-volume to inverted generational
distance is produced to enhance the Pareto set evaluation.
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This research addresses some limitations and improves the
performance metrics of previous approaches. To evaluate the
result of this algorithm, four network datasets are selected
and compared with some existing state-of-the-art methods.
The algorithm achieved a good result compared with other
algorithms.

A new parallel MOEA (PMOEA) was proposed by Su
et al. [22]. It is designed to detect communities in large-
scale complex networks. The first operation performed by
PMOEA is to identify communities based on specific nodes
(key nodes) rather than the entire network. After that, it
executes multiple copies of a MOEA to detect communities
linked to each key node using a parallel mechanism. Another
contribution in this approach is enhancing the mutation
and crossover operators to capture a better community
in the network. Through performing the parallel process,
the computational efficiency and quality of detection are
enhanced. Experiments of this algorithm indicate that it
works better than other evolutionary and non-evolutionary
algorithms, showing that it can handle networks with up to
200,000 nodes.

Based on the NSGA II algorithm, the dynamic community
detection (DCD) system proposed by Alkhalec Tharwat
et al. |23]. The proposed algorithm explains the growing need
for community detection methods effectively in dynamic
social networks. DCD is the main goal of this algorithm,
while networks change over time. It utilizes a multi-objective
optimization framework by using the specialty of NSGA-II
and involves formulating the community detection problems
in social networks where the state of networks changes
over time. While the network is dynamic, the proposed
algorithm identified communities at different time points.
This algorithm is able to be used in various applications,
such as recommender systems, analysis of social media, and
retrieving information. The result of this algorithm obtained
better performance compared with classical GAs.

Another approach, using a multi-objective GA (MOGA-Net),
is proposed by Abbood ¢t al. [25] for community detection
in complex networks. The proposed approach uses the
NSGA-II for finding globally non-dominated solutions,
which guarantees that no other possible partition is superior
for both objectives. The proposed algorithm introduced
a novel scoring model (intra-score and inter-score). They
assist the algorithm to capture better community structure.
A new contribution of this approach is identifying the healthy
and infected communities during COVID-19. This study
compares MOGA-Net’s performance with other state-of-
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the-art methods using some real networks, showing how
efficiently it creates accurate community structures. This
algorithm also introduces a new scoring model that quantifies
the density of internal connections (intra-score) and the
sparsity of inter-community connections (inter-score).

There is an additional contribution by Zhu ¢ al. [27] is a
fundamental task that aids the comprehension of complex
networks. The proposed approach implements a two-stage
MOEA that strengthens community detection through
optimizing multiple objectives simultaneously. First, in the
initial stage, the individual similarity parameters are targeted
to find possible communities; then, in the second stage,
distinct crossover operators are employed with respect to the
characteristics of the detected communities. The algorithm
is developed to handle challenges arising in traditional
community-detection methods, which face the complexity
and dynamics of real-world networks. Furthermore, it
enhanced the boundary-independent nodes by applying the
second-stage strategy. They further validate their approach
through extensive experiments on many datasets, showing
that their algorithm performs better than the state-of-the-art
approaches in both accuracy and computational efficiency.

In the study of Zhang ez al. [28], a new algorithm named
MMCoMO (Macro-Micro Population-Based Co-Evolutionary
Multi-Objective) algorithm was proposed and it’s different
than the traditional MOEAs. They worked with a single
population at the first steps, which lead to a limiting balance
between exploration and exploitation. On the other hand, the
MMCoMO employs macro-population and micro-population
as two types of population. The main contribution in this
approach identified the macro and micro populations. The
macro-population emphasizes exploration. During this process,
the network quickly portioned to detect the approximate
community structure. Meanwhile, the micro-population
focuses on exploitation to achieve more precise community
configurations the structures of the network through local
search are refined. In addition to quality enhancement, the
MMCoMO improves the computational efficiency of detecting
communities compared with existing MOEAs.

After that, Cai ez al. [31] provide a fast two-stage MOEA for
the identification of the overlapping community in networks.
The main goal of this algorithm is to discover overlapping
communities using a two-stage MOEA. The first stage aims
at identifying the high-quality non-overlapping communities
by using the population initialization technique using the
degree central nodes. It also increases the robustness of
community division with respect to the existing methods. In
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the second stage, the algorithm picks out additional nodes
from the networks that have previously been categorized in
non-overlapping communities as central nodes. An information
teedback model is used to adjust a fuzzy scale for thresholding
to improve the identification of ovetlapping nodes. Another
contribution in this approach is identifying a new initialization
of the population using central nodes based on node degree for
better partitioning. The proposed algorithm’ efficiency is tested
through experiments on some different networks and compared
with other algorithms based on the modularity and accuracy
value of community structure and achieved higher results.

Sheykhzadeh e# al. |32] proposed a novel local community
detection algorithm based on node ranking in social networks.
Itis referred to as LCD-SN local method community detection
algorithm in social networks and is designed to overcome
the limitations of previous approaches that usually have low
accuracy and high computational time. Node ranking means
how nodes interact and are ranked relative to community nodes
and their connectivity. The algorithm has been designed to look
for communities of densely connected nodes and relatively
scattered nodes in between communities. First-degree and
second-degree neighbor nodes are used by LCD-SN to build
the communities, as a result of which accuracy and determinism
are improved while seed nodes are not required. The algorithm
starts with node scaling and defining the important nodes
with the help of local characteristics and then it creates the
primary groups with the node and its first-order neighbors.
Communities are identified in the last step in the process known
as post-processing, The paper also presents a new measure for
ranking the nodes in the network, which makes community
detection even better. Experimental analysis shows that LCD-
SN is useful for finding communities with a flexible approach
to the trade-off between time and solution quality.

3.2. Hybrid Evolutionary Algorithms

Pérez-Pel6 ef al. |24] present a hybrid meta-heuristic approach
for detecting communities in networks by combining variable
neighborhood search (VNS) and Greedy randomized adaptive
search procedure (GRASP). The main contribution in this
approach is improving the efficiency of search by combining VNS
and GRASP. Moreover, the limitations of traditional community
detection algorithms are highlighted, especially these challenges
that are associated with high modularity that suffers from the
limitation of resolution. Based on bi-objective community
detection problems, this algorithm aims to optimize multiple
objectives simultaneously, which leads to a reliable community
structure. As a result, the algorithm shows effectiveness compared
with the existing approaches and is good for these applications
that are used for analyzing complex networks.
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In this direction, Yang ef al. [26] have proposed a hybrid
approach to community detection in complex networks.
The main contribution in this algorithm is identifying a
mixed encoding strategy by combining locus-based and
label-based representation. Having this combination helps
the algorithm to represent a valid community structure and
is more flexible. Furthermore, this study has recognized the
difficulties that were posed by methods based on traditional
modularity maximization, especially with regard to network
topology issues and invalid solution generation. To improve
these issues, this paper proposes a MOEA based on the
integration of label-based and locus-based representations.
The experimental results have shown that this approach
outperforms existing algorithms concerning effectiveness
and efficiency. These results confirm that this algorithm
is a competitive approach when compared with traditional
methods of community detection and consequently.

3.3. Swarm Intelligence Algorithms

As a part of swarm intelligence, Li [29], proposed
a new overlapping community detection algorithm
based on subgraph structures and multiple objective
optimization techniques. The main contribution in this
approach is transforming overlapping nodes into clique
nodes. Due to the possible overlap in real-world communities,
the algorithm herein proposed employs the k-core
decomposition to find maximum cliques, which form the
building blocks for the weighted graph. Instead of randomly
initializing the population, the proposed algorithm leverages
the k-core decomposition for better initial community
partitioning. The algorithm integrates a PSO to improve
search accuracy and convergence speed. The result of this
algorithm compared with similar community detection
algorithms on some real-world networks and demonstrated
a decent performance.

Then, Yu e al. [30] introduced a new algorithm named
multi-objective pigeon-inspired optimization (MOPIO). This
algorithm performed three main steps: Initialization, search,
and mutation methods. It starts by constructing a solution
representation of the community structure to evaluate
two objective functions to assess community quality. The
main contribution of this research is integrating pigeon-
inspired optimization for community detection. It enhanced
the applicability of the algorithm for complex networks.
Furthermore, to address the problem of misclassification
of boundary nodes, they proposed a novel strategy through
the mutation process. The result of this work is evaluated
based on different networks and it performs better for
detecting community structures compared with other existing
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approaches. This algorithm not only enhanced the accuracy
of community detection but also offered a framework
compactable with various networks.

4. METHODOLOGY

This review paper explains the methodologies and
contributions of fifteen studies based on a MOA for detecting
communities in social networks. Each paper used the number
of networks that were shown in Table 2 and commonly
evaluated the performance of their algorithm using two
metrics. This section demonstrates the detailed information
of the common networks and explains metrics that are used
to evaluate algorithms.

4.1. Common Networks

The networks that are used by each study consist of a different
number of nodes and edges. Each node is strongly connected
with others in the same community and weakly with other
nodes in the different community. The connections between
nodes are called edges |7]. This number of edges and nodes
defines the size of the networks. Furthermore, in some of
these networks, the number of communities was detected
using a ground truth [33]. Table 3 shows the properties of
some common networks that are used by the papers.

4.2. Metrics for Evaluating the Results

Q modularity and normalized mutual information (NMI)
are two main metrics that are used to evaluate community
detection in social networks. All of the studies in this
review paper used these two metrics to evaluate the result
of detecting communities for each network that was used
in their paper.

TABLE 3: Some different size of common
real-world networks

Networks Number Number Number of
of nodes of edges communities
Karate [34] 34 78 2
Dolphin [35] 62 159 2
Polbooks [36] 105 441 3
Football [37] 115 613 12
Citeseer [38] 3,327 4,676 6
Ca-GrQc [39] 5,242 14,496 -
CA-HelpTh [39] 9,877 25,998 -
Facebook [12] 4,039 88,234 -
Ca-HepTh2 [39] 12,008 118,521 -
Ca-AstroPh [39] 18,772 198,110 -
ca-CondMat [40] 23,133 93,497 -
Email-Enron [41] 36,692 183,831 -
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The modularity QQ, which can be computed without
knowledge of the actual community labels of a network,
was chosen as a measure of quality for the communities; a
higher Q value indicates better performance in community
detection [42]. The formula of modularity Q was defined
as below.

£ and M show the number of detected communities and
edge’s number in a network, respectively. Then, | is a number
of edges for each node in the community 7 and d_is a total
degree of nodes in the same community [42].

However, using truth grounds, the NMI was used in order
to measure how similar the detected and real communities
were. Greater value of NMI shows better performance in
detecting communities [43]. The following is the definition
of the NMI formula.

NMI( A,B) =
ctnC? ¢, N
220 Cislog (o)
i

c ch
2., .Cilog(C, /n)+3 C log(C /n)

In partitions A and B, CA and CP present the number of
communities, C shows the confusion matrix, and Cij is a

shared node between community 7/ of A and community /
of B. C or C_determines the total elements of C in row
7 or column 7, while the number of nodes in the network

1s 7 [43].

5. COMPARISON AND DISCUSSION

5.1. Compare Objectives used by Algorithms

All of the studies that were selected in this review paper
used a MOA for detecting communities in the networks.
Moreover, most of them used the MOA for optimizing two
objectives instead of one that optimized three objectives. The
number of objectives and their types are explained in Table 4.
Furthermore, Fig. 3 explains the most frequent objectives
used by the algorithms.

According to Fig. 3, modularity is the most frequently used
by the algorithms. Then RC comes as the most commonly
used after modularity. The modularity is used to measure
the quality of network partitions and a RC is a solution
to achieve as few as possible connections between the
communities [21].

5.2. Problem Definition of Community Detection and
Limitations

5.2.1. Overlapping communities

Refer to a problem in which one node simultaneously belongs
to multiple communities [44]. Most of the studies in this
review paper solved the mentioned problem. Fig. 4 shows
the overlapping communities in the network.

TABLE 4: Demonstrates the number and type of objectives that optimized by the papers in the literature

Paper Number of objectives used by each paper

references Objective 1 Objective 2 Objective 3
[18] Optimize modularity Optimize community score

[19] Maximizing modularity Optimizing of frustration function

[20] Minimize KKM Minimize RC

[21] Maximizing community score Maximizing community fithess Maximizing modularity
[22] Minimizing the conductance of a community ~ Maximizing the number of key nodes in a community

[23] Optimize modularity NMI

[24] Optimize NRA Optimize RC

[25] Optimize community structure Optimize community fitness

[26] Minimize KKM Minimize RC

[27] Maximizing modularity Minimizing the number of misclassified nodes

[28] Optimize KKM Optimize RC

[29] Maximal clique detection Community structure optimization

[30] Minimize community score Minimize community fitness

[31] Modularity optimization NMI

[32] Accuracy of community detection Computational efficiency

KKM: Kernel K-means, RC: Ratio cut, NMI: Normalized mutual information
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number of misclassified nodes
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Fig. 3. The most frequent objectives used by the algorithms.

5.2.2. Dynamic networks

Is a network that changes structure over time. Either through
the addition, removal, or change of nodes, edges, or both,
dynamic networks differ from static networks with fixed
nodes and edges [46]. Today, detecting communities in
dynamic networks is the most popular challenge especially
in terms of real-time community detection or recommender
systems. Some algorithms try to solve this problem but
not completely. It’s a main gap in today’s approaches. Any
changes in the network the algorithm needs to execute
again and it’s a main limitation in the community detection
algorithms.

5.2.3. Computational complexity

One of the most popular problems in MOAs for detecting
communities is computational complexity because they
must optimize two or three objectives simultaneously.
This problem appears more while the network becomes
larger over time. Furthermore, it’s the main limitation in
the majority of algorithms. Some algorithms simplified the
complexity but the quality of the detection decreased and
vice versa.

5.3. Addressing Limitations

5.3.1. Overlapping communities

Nowadays, the majority of algorithms prevent this problem

by:

1. Evaluating the algorithm by robust functions Q
modularity and NMI

2. Use high-accurate objectives, such as K-means [47], RC
[48] and normalized cut [49]
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Community 1

Community 2

Fig. 4. Overlapping communities [45].

3. Using evolutionary algorithms, such as NSGAIL.

5.3.2. Dynamic networks problem

1. Where a new node is added, try to update only the nearby
community instead of the entire network

2. Integrating graph neural network [50] to predict how
communities in the network will change in the future.

5.3.3. Computational complexity

1. Instead of using random partitioning in the initialization
process, you can use smart partitioning, such as Louvain
[51] or Kernighan and Lin [52]

2. Develop a robust hybrid algorithm to reduce

computational time

Improve mutation and crossover operators

4. Can be used early stopping to terminate the algorithm
when no significant improvement is obtained over the

»

generations
5. Used the compression technique over large-size
networks.

5.4. Challenges and Future Work

According to the limitations that were explained in the

previous sub-section, there are many challenges and future

works.

1. Prepare a robust hybrid algorithm by using the specialty
of the previous algorithms. That cover both the quality
of detection and simplifies the complexity

2. Applied the algorithm to perform real-time community
detection of the huge networks
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3. Applied the algorithm for recommendation using the
recommender system.

6. CONCLUSION

Nowadays, the MOA is the most widespread study for
detecting communities in complex networks. The researchers
have proposed various algorithms to achieve the highest
accuracy and efficiency in detecting communities among
different networks. Those approaches used MOAs to solve
two or three conflict problems in the structure of the network.
This research establishes a foundational understanding
of various aspects of a MOA for community detection in
complex networks by providing a detailed overview of the
published literature. Our review paper focuses on novelties,
development, processing, and published literature reviews,
with the aim of identifying research gaps in the MOAs for
detecting communities in complex networks. This survey
summarized 15 different studies that were published in the
years between 2019 and 2024. Furthermore, the methodology
and contribution for each study have been demonstrated.
After that, the datasets and evaluation metrics that were used
by each approach have been presented. Then, discussion
about the limitation and solution has been made.

The future work is developing a hybrid algorithm based on
the gaps in the recent algorithms to detect more accurate
community detection in complex networks.
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ABSTRACT

Small dams are crucial in water resource management, particularly in regions with water scarcity and climate
unpredictability. Despite their cost-effectiveness, the construction of small dams often lacks engineering standards,
which raises concerns about their long-term stability and safety. This study reviews the design, construction, stability,
and protection of small dams, emphasizing the importance of proper site selection, geological and hydrological studies,
and advanced methodologies, such as Geographic Information Systems and multi-criteria decision-making approaches in
dam evaluation. Furthermore, the study highlights the significance of detailed planning, material selection, and quality
construction to ensure dam longevity. It also discusses the role of modern tools, such as HEC-HMS, HEC-RAS, and
GeoStudio in assessing flood risks, seepage, and stability. Inadequate design, particularly in the face of extreme weather
events, can lead to dam failures, emphasizing the need for comprehensive planning and rigorous assessments. Through an
analysis of various studies and case examples, this paper aims to provide insights into sustainable small dam construction
and water resources management practices that ensure their effectiveness and resilience in addressing water scarcity

challenges.

Index Terms: Small Dam Construction, Water Resource Management, Stability Analysis, Construction Practices,

Site Selection, Hydrology

1. INTRODUCTION

Small dams and reservoirs have consistently drawn the
interest of rural development authorities and aided human
development by providing reliable sources of water [1], [2].
Small dams are increasingly recognized for their role in water
resource management, particularly in regions facing water
scarcity and unpredictable climate patterns [3].
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A “small” dam is typically defined as one where the
maximum height above the original streambed does not
exceed approximately 15 m (about 50 feet). In addition, it
is characterized by a volume not large enough to justify the
use of detailed design methods typically reserved for larger
dams. Furthermore, if a low dam has a volume greater than
765,000 cubic meters, it would no longer be classified as
small [4] as shown in Fig. 1, the Al Abila Dam is a small dam
in Iraq’s Western Desert [5].

A study of three small dams, Jawa, Kasala, and Dhok Sanday
Mar, evaluated the impact of the small dams on agriculture and
groundwater development in the state of Punjab in Pakistan
and the analysis of inflow—outflow of the dams (Figs. 2-4)
shows that if properly managed, the storage is sufficient to
irrigate all the croplands within the command area [6].
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Fig. 1. Al Abila Dam [5].

14 - B Inflow @ Outflow OSpill overl

12 4

10 A
g

> 8 4

POEE
=]
=

4 —~

2 ~

0 -

x A
FIFFFFF TSP
Fig. 2. Yearly inflow-out flow of Khasala dam.
55 II Inflow B Out flow O Spill overl

2.0

£ 151
=

£ 104
=

0.5

0.0

1997 1998 1999 2000 2001 2002 2003 2004
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Salimi ez al. highlighted the dam’s crucial role in irrigation,
drinking water, and industrial use in the dry, semi-arid region.
The need for coordinated, long-term water management
for agricultural, domestic, and industrial purposes is
emphasized [7]. The construction and maintenance of small
dams often pose significant challenges [8], especially when
built without engineering standards. Farmers frequently
construct small dams without engineering input, which
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raises concerns about their long-term stability, safety, and
effectiveness. Valuable insights can be gained from both the
successes and failures of dam applications and operations.
These can guide water resource managers, policymakers, and
stakeholders in achieving sustainable development goals,
particulatly in climate change and growing water crises [3].

Dams can be grouped differently, especially considering
their height and storage; the classification can be arranged
as follows:

1. Low Dams: These are usually modest in height, standing
<15 m (or about 50 feet) tall. They typically don’t store
much water, <765,000 cubic meters, or 1 million cubic
yards, making them ideal for local purposes, such as
supporting irrigation or providing drinking water to
nearby communities.

2. Medium Dams: Medium dams are met when a bit of
height is stepped up. These range from 15 to 30 m
(50-100 feet) high, have a moderate storage capacity,
and are versatile. They often supply regional water needs,
support agricultural irrigation, or generate hydroelectric
power.

3. High Dams: High dams tower over us at more than 30 m
(oraround 100 feet). These giants can store large volumes
of water, often reaching millions of cubic meters. They
play crucial roles in significant water management
projects, including large hydroelectric power stations,
extensive irrigation systems, and considerable flood
control.

1t’s worth noting that while low and medium dams focus on
local or regional needs, the high dams have a much broader
impact. Bach type plays a vital role in water management and
sustainability, tailored to specific needs based on height and
storage capacity [9].
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The availability of dam fill materials influenced the dam
design considerably [10]. Dams can also be classified
based on the construction materials used. Embankment
(earthen) Dams are dams constructed with material, such as
compacted soil, clay, or rockfill [11]. Rockfill dams are made
of rock fragments or gravel with an impervious core from
clay or concrete [12] while concrete dams are made from
concrete [13].

Despite challenges, small dams are considered cost-effective
solutions for water management in rural areas, especially
when conventional infrastructure is not feasible. As the world
faces increasing pressures from climate change, the ability of
these small dams to withstand extreme weather events, such
as prolonged droughts, becomes more critical [14].

Aureli ez al. [15] reviewed several factors contributing to
dam failures, including overtopping, which often results
from inadequate design considerations for flood capacity,
and internal erosion due to piping. They also highlighted
the importance of proper management practices to mitigate
risks during the design and construction phases. These
factors underline the critical need for robust pre-construction
assessments and planning to prevent potential failures.

This study aims to review key primary research on small dam
design, focusing on aspects, such as construction, stability,
safety, performance, and sustainable water management.
This area has not been extensively explored. The primary
studies on dam design include site selection, geological
and hydrological assessments, and environmental impact
evaluations. The design methodology is examined through
a comprehensive approach that addresses planning, material
selection, construction quality, dam height, reservoir capacity,
site condition assessment, structural components, hydraulic
management, earthquake risk mitigation, spillway and bottom
outlet design, physical modeling, numerical simulations,
sediment estimation, dam sustainability, cost, operation,
and management, as well as environmental impact and
community protection.

2. DAM SITE SELECTION AND PRELIMINARY
INVESTIGATION

Proper site selection is the first step in ensuring the stability
and effectiveness of small dams. Traditional site selection
methods rely on local knowledge and experience [16]—[18].
Still, modern approaches incorporate scientific methods and
tools, such as Geographic Information Systems (GIS), remote
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sensing (RS), and hydrological modeling, and GIS-based
Fuzzy Analytic Hierarchy Process (FAHP) and Adaptive
Neuro-Fuzzy Inference System (ANFIS) approaches
were applied to evaluate potential dam sites, integrate
environmental, hydrological, and economic factors to identify
the most suitable location for mitigating water scarcity
issue [19]—[24]. Appropriate site selection factors include
hydrological aspects, such as runoff potential, slope, soil type,
and vegetation, and socioeconomic considerations, such as
proximity to communities and agricultural land [21], [25]. The
design phase should also incorporate an understanding of
the local geology and soil conditions [26]. The investigation
process for dam construction also involves verifying the
quality and quantity of fill materials to confirm their
properties [10]. The decision-making methods for optimizing
dam site selection were also used, emphasizing a structured
approach to evaluating potential reservoir locations based
on various measurable characteristics [27], [28]. Hashim
and Sayl explored methodologies for selecting dam
construction and rainwater harvesting, The study utilized
GIS techniques, employing the weighted linear combination
(WLC) and Boolean overlay methods. By assigning scores
and weights, WLC analyzed parameters, such as runoff
depth, slope, soil texture, land use and land cover (LULC),
and proximity to irrigated lands, roads, and residential areas.
The Boolean overlay method used criteria, such as stream
order and fault proximity for binary classification, providing
a comprehensive approach to site suitability assessment [29].
In a study by [30], they emphasize the importance of proper
site selection for dams and water harvesting to combat water
scarcity and enhance agricultural productivity. Critical factors
include slope, soil type, vegetation, rainfall, and runoff
capacity. Drone-assisted topogtraphic analysis can optimize
site selection, ensuring sustainable water management and
agricultural resilience.

Abualhaija and Mohammad analyzed the Kufranja Dam in
Jordan to address water shortages in an arid climate with
limited freshwater resources. They concluded that the key
factors for successful dam construction include geological
surveys, hydrological features, and environmental impacts
on agriculture and urban development [31].

Wang ez al. highlight the importance of scientific dam
location and construction for irrigation, flood control, and
hydroelectric power. They discuss GIS/RS, Multi-Criteria
Decision Making (MCDM), and machine learning as vital
siting methods, emphasizing hydrology, geology, and
socio-economic factors. They resulted in neglecting these
considerations will risk environmental damage and dam
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failures [23]. Rather ¢f a/. examine the challenges of dam site
selection in the Jhelum Basin, emphasizing that inadequate
consideration of factors, such as landslide-prone areas and
unstable soils can lead to dam failures. They stress the need
to thoroughly evaluate topography, hydrology, geology, and
socio-environmental factors. The study highlights that poorly
located dams fail to manage floods effectively. The authors
recommend adopting a multi-criteria analysis approach to
address these issues to enhance site selection and prevent
future failures [32].

In conclusion, various studies highlight the importance of
selecting the proper site for small dams to ensure stability,
effectiveness, and sustainable water management. Modern
approaches integrate GIS, RS, hydrological modeling,
and advanced decision-making methods, such as FAHP,
ANFIS, WLC, and Boolean overlay. These methods assess
runoff potential, slope, soil type, vegetation, proximity
to communities and agricultural land, and the availability
of quality fill materials. In addition, topographic analysis
using drones has been proposed to optimize site selection.
These researches underscore the necessity of addressing
hydrological, geological, and socio-economic factors to
mitigate challenges, such as water scarcity, population growth,
climate change, and unstable soils. Case studies reveal that
poortly selected sites risk dam failure, environmental damage,
and ineffective flood management, emphasizing the need for
comprehensive, multi-criteria analysis to enhance decision-
making and improve water infrastructure resilience.

Numerous studies have been conducted in Iraq on dam site
selection using different parameters [33]—[36]. For example, Al-
Ansari et al. tested two areas (northwestern and northeastern
parts of Iraq) for the feasibility of WH using small dams not
more than 6 min height. They identified suitable sites for small
dam construction based on different parameters and applied
the Watershed Modeling System and linear programming
optimization techniques [37]. Another study to select optimal
dam sites was conducted in the Deewana watershed (North of
Iraq) using a combination of RS and GIS with multi-criteria
decision analysis models. As a result, they identified (5.55%)
and (21.81%) as highly suitable for constructing dams in the
dam site selection maps and found that 11 proposed dam
sites are ideal for dam construction [38].

3. GEOLOGY STUDY

Studying geology in dam design is essential for ensuring the
structure’s stability and safety by analyzing site conditions,
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foundation properties, and construction materials [39].
It involves geological mapping, geophysical surveys,
and borehole sampling to evaluate rock and soil quality,
permeability, and bearing capacity. Geological hazards, such
as earthquakes, landslides, and karst features are assessed to
mitigate risks. In addition, the availability and durability of
local materials are tested for suitability in construction [40].
Tools, such as GeoStudio and GIS aid in seepage analysis,
slope stability, and site mapping, ensuring a safe and efficient
dam design tailored to the geological context [41].

Sissakian ef a/. highlighted the importance of geological
investigations in dam construction, using the Mosul Dam
to show the risks of inadequate assessments. Before site
selection, they emphasized evaluating foundation geology,
reservoir integrity, slope stability, and material availability.
The process includes three steps: preliminatry investigations
for general insights, initial design studies for detailed data,
and final design assessments for engineering needs. Key
recommendations include geological mapping, drilling, and
hydrogeological studies. Misinterpreting geological data, such
as karstification and gypsum behavior, led to challenges at
Mosul Dam, underscoring the need for thorough, expert-led
evaluations to ensure dam safety [42].

Birhanu e al. evaluated the Upper Guder Dam slope stability
in Central Ethiopia, addressing critical issues related to small
dam construction, such as site preparation, material selection,
spillway design, and costs. The results show that geological
formations are susceptible to leakage and instability due to
complex discontinuities and geological variances, particularly
in the left abutment, which poses wedge failure risks. In
contrast, increased pore water pressure compromises
the right abutment’s stability under saturated conditions.
The study emphasized the importance of comprehensive
geological assessments during the design and construction
phases to prevent failures [43].

In summary, Geological studies are essential in dam design
to ensure stability and safety by analyzing site conditions,
foundation properties, and material suitability. These involve
mapping, surveys, and sampling to assess hazards, such as
landslides, earthquakes, and karst features. Tools, such as
GeoStudio and GIS aid in seepage analysis and slope stability.
Misinterpreted geological features have caused failures in
past projects, highlighting the need for thorough, expert-
led assessments. Comprehensive evaluations during design
and construction address issues, such as material selection,
spillway design, and abutment stability, ensuring safe and
efficient dam construction.
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4. HYDROLOGICAL STUDY

The hydrological study is essential for estimating peak
floods with different return periods and average annual
runoff that reaches the dam site to fill the reservoir.
Moreover, assessing the sediment volume is considered in
the hydrologic study [44]—[46]. Hydrological modeling tools,
such as HEC-HMS and HEC-RAS, are increasingly used
to predict peak discharges, assess flood risks, and evaluate
dams’ hydraulic performance. These tools help engineers
determine the optimal size and structure of a dam to
accommodate anticipated flood events while minimizing the
risk of failure [47], [48].

Othman e al. applied a MCDM approach to assess dam
sites, incorporating factors, such as soil type, elevation,
precipitation, and proximity to faults. They highlighted the
need for thorough geological and hydrological surveys, as
past infrastructure suffered from inadequate evaluations [49].

Thieme ef al. [50] highlight the importance of considering
ecological impacts and hydrological changes during dam
planning and construction. They note a rise in protected areas
being downgraded or removed due to dam construction.
They recommend avoiding dam construction near protected
areas and removing problematic dams where possible. The
paper calls for better alignment between development goals
and ecological conservation to ensure functional freshwater
ecosystems and urges policymakers to manage freshwater
ecosystems responsibly and promote measures to testore rivers.

Hydrologic studies estimate peak floods, runoff, and sediment
at dam sites, ensuring safe and efficient designs. Tools, such as
HEC-HMS and HEC-RAS optimize dam performance and
flood risk management. Surveys and multi-criteria approaches
highlight the importance of hydrological considerations,
urging avoidance of protected areas and addressing common
dam failures, such as overtopping and erosion. Cascade
systems require precise planning to manage peak flows and
ensure effective flood mitigation.

5. DESIGN METHODOLOGIES

Small dams are vital in managing water resources, particularly
in areas with irregular or limited rainfall. Historically, they
have been indispensable for agriculture and ensuring food
security. However, failures often occur due to poor design and
construction deficiencies [51]. Once a dam site is preliminarily
selected, conducting a detailed survey and developing area-
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volume-elevation curves are essential [18]. These are followed
by adopting design methodologies tailored to site-specific
conditions to ensure dam safety [52]. These methodologies
involve analyzing geological, hydrological, and structural
factors to optimize the dam type, foundation stability, and
seepage control systems [43], [53].

Riha ez al. [54] discussed small dam construction and
operational dynamics, focusing on the cascade system along
the Cizina River in the Czech Republic. Vatious construction
methods were described, emphasizing the homogeneous
nature of the dams built with clay and detailing their
dimensions, materials, and emergency spillway configurations,
which are critical for managing flood waters and preventing
overtopping failures. Stability analysis is conducted by
simulating breaching scenarios, considering overtopping and
piping as potential failure modes. Seepage analysis was also
critical, highlighting the vulnerability of small dams to erosion
due to internal seepage pressures. The article cited that the
most common causes of failure stem from overtopping and
internal erosion, which is further complicated by insufficient
spillway capacity compared to incoming floods.

The key aspects, according to numerous studies on dam

design, can be included as follows:

1. Comprehensive Planning and Modeling: Thorough
planning and advanced modeling are essential to address
site-specific challenges, predict risks, and ensure dam
safety and functionality [2], [55].

2. Material Selection and Construction Quality: Choosing
appropriate materials, proper layering, and maintaining
high construction standards are critical for ensuring the
dam’s stability and longevity [55]—[61]. Proper layering
of materials, such as shell materials, gabions, cores, and
filters is essential for ensuring stability and resisting
seepage and erosion [55], [62], [63].

3. Dam Height and Reservoir Capacity: Determining the
dam’s height and reservoir capacity is crucial for meeting
water storage needs while maintaining structural safety [56].

4. Foundation Evaluation: Assessing foundation
stability [58], [64], [65], identifying potential seepage
paths is essential for ensuring the dam’s structural
integrity and long-term performance [56], [60].

5. Structural Components and Hydraulic Management:
Upstream and downstream slopes, spillways, and bottom
outlets are vital in managing hydraulic pressures and
preventing dam failures [57], [63], [64], [67].

6. Resilience Against Natural Hazards: Mitigating
earthquake risks 2], [68] and extreme weather involves
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robust spillway systems to manage water flow and
prevent overtopping. Advanced tools, such as HEC-RAS
and RS aid rainfall-runoff analysis, hydraulic modeling,
and peak discharge predictions, enhancing resilience and
minimizing community impact [55], [56].

Spillway and Bottom Outlet Design: The design of
spillways and bottom outlets is crucial for managing
water flow, preventing overtopping, and ensuring
the safe release of excess water during high-flow
events [55], [58], [60], [61], [63]. Computational fluid
dynamics (CFD) techniques refine spillway design and
performance evaluation [45]. While 3D finite element
models analyze internal mechanics, including soil layering,
material properties, and hydraulic interactions [69].
Physical Models and Numerical Simulations: Physical
models and numerical simulations [70] combine
experimental and numerical analyses to evaluate seepage
characteristics and structural displacements under various
loading conditions [62], [65]. Stability and seepage
analysis is crucial for preventing failure risks associated
with overtopping and piping, significant causes of dam
failure [68]. Advanced tools, such as GeoStudio aid in
seepage analysis, slope stability, and stress evaluation,
incorporating factors, such as water pressure, seismic
activity, and settlement risks [71]. The dam’s composition,
geometric design, and surrounding vegetation enhance
stability by limiting erosion and improving resilience
during peak precipitation events [69]. SEEP/W software
analyzes hydraulic performance aspects, including
clay core thickness, cutoff wall depth, uplift pressure,
hydraulic gradient, and seepage discharge [72]. The clay
cores and cutoff walls are essential in managing seepage,
noting that their placement significantly affects hydraulic
gradients and discharge rates [58]—[60], [73]. Finite
clement methods are used to analyze the dam’s stability
and seepage characteristics [74].

Sediment Estimation and Dam Sustainability: Sediment
estimation in small dams is essential for assessing
long-term functionality. Sedimentation reduces storage
capacity, affecting water retention and flood control
efficiency [75], [76]. Embaye ez al. stressed the significance
of stability analysis for small dams, focusing on slope
assessments, spillway design, and bottom outlets to
manage erosion, water flow, and sediment buildup.
Challenges, such as sediment accumulation and weak
water user associations were identified as key contributors
to dam failures [77]. Abdullah 7 a/. examined the status
and opportunities for water harvesting in Iraq. They
noted that sediment accumulation is a major challenge

to dam functionality, especially in the Eastern Valleys,
where high sediment loads reduce reservoir capacities.
Strategies are employed to minimize soil erosion and
address potential risks of failure caused by sediment
accumulation or structural deficiencies [4].

10. Cost, Operation, and Management: The cost of
dam construction and operation, along with regular
monitoring and effective management, are crucial for
ensuring long-term functionality and safety. Continuous
assessment and maintenance help detect potential
issues early, preventing costly failures and optimizing
performance [2], [59], [606], [78].

11. Material Selection and Construction Techniques: The
analysis emphasizes the importance of carefully selecting
materials and construction techniques to prevent failure,
including controlling moisture content in the core
material and ensuring proper drainage to manage seepage.
Appropriate design and execution of these elements are
vital for the dam’s long-term stability and performance in
irrigation management |9]. The importance of drainage
methods, such as toe or horizontal drains, to reduce
seepage and improve dam resilience is emphasized in the
study, with support provided for earth-fill dam design
to ensure sustainability and safety [70]. Controlling the
permeability ratio between the shell and core layers
and using coarse-grained filters to manage seepage and
prevent erosion are recommended [74].

12. Environmental Impact and Community Protection:
Protecting communities and minimizing environmental
impact are key considerations in dam design and
management [2], [66], [74]. Kondolf and Yi [78] focus
on dam renovation strategies to extend reservoirs’
operational lifespan and mitigate adverse effects on
river ecosystems. They discuss minor dam construction
aspects, including structural retrofits, fish passage
devices, modifications for improved environmental
flow, and sustainable sediment management practices.
The study advocates enhanced design and operation
to meet ecological standards, concluding that proactive
renovation efforts are crucial for enhancing reservoir
sustainability and environmental functionality.

As a result, the design and management of small dams require
comprehensive planning, material selection, and construction
quality to ensure stability and longevity. Key aspects include
site-specific evaluations, proper layering of materials, such
as clay cores, and addressing seepage and erosion risks.
Structural components, such as spillways, bottom outlets, and
dam slopes are essential for managing hydraulic pressures and
preventing failure. Advanced tools, such as HEC-RAS, CFD,
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and GeoStudio are used for modeling, stability analysis, and
seepage management. Sediment accumulation is a significant
challenge, reducing storage capacity and efficiency, especially
in areas with high sediment loads. Regular monitoring and
effective management help prevent costly failures, while
sustainable practices, such as retrofitting and sediment
flushing, can mitigate environmental impacts.

6. CLIMATE CHANGE AND RISK MANAGEMENT

Climate and socioeconomic changes continue to pose
challenges to developing effective adaptation measures |79].
Climate change adds complexity to the design and management
of small dams. Increased rainfall frequency and intensity
and shifting temperature patterns can alter hydrological
conditions in dam catchments, impacting runoff patterns
and raising flood risks. Dam failure risk rises due to climate
change, with more frequent and intense rainfall causing
floods that exceed design capacities. Climate models predict
that the return period of extreme flooding events will be
reduced [80]. To mitigate these risks, it is recommended
that dam design and operational protocols be updated, lood
criteria be re-evaluated, regular inspections be conducted
using updated hydrological models [81], and additional
flood control infrastructure be constructed. Incorporating
climate change into risk assessments ensures dams’ long-
term safety [82], protecting downstream communities, and
enhancing water resource management [83].

7. RESULTS AND DISCUSSION

It is crucial to select proper dam sites for sustainable water
resources management. New applied techniques include using
GIS, RS, and hydrological modeling and integrating FAHP,
ANFIS, and WLC. The main key factors confirmed by the
studies are the runoff potential, rainfall depth, peak flood,
topography slope, elevation, soil type and fault, LULC, and
socio-economic aspects, such as proximity to communities,
roads, and infrastructure. In contrast, neglecting these can
lead to dam failure and environmental risk.

Focus is put on the geological studies that are crucial for dam
design, ensuring stability through assessing site conditions,
foundation, and material suitability. This includes geological
mapping, evaluating rock and soil samples, testing foundation
permeability and bearing capacity, and analyzing earthquake
hazards. Seepage and slope stability analysis using GeoStudio
are also essential. Case studies highlight failures due to
misunderstanding geology in ensuring efficient dam construction.
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Effective reservoir management requires hydrological study
assessments to estimate the peak floods, average annual
runoff, and sediment volume at dam outlets; tools, such
as HEC-HMS and HEC-RAS assist in assessing these
parameters. MCDM approaches help to integrate hydrological
and geological site selection factors. In addition, ecological
considerations highlight the need not to use protected areas.
Proper hydrological assessments and environmental impact
mitigation ensure efficient dam performance.

The effectiveness of small dam design depends on good
surveys and accurate design methodologies. Key design
considerations include foundation stability, material
selection, seepage control, and hydraulic management.
Common overtopping failures highlight the need for robust
spillway designs. Sediment estimation is critical for long-
term functionality, while cost-effective construction and
operational management ensure sustainability. Combining
physical models and numerical simulations enhances stability
assessments, improving small dams’ resilience and efficiency.
Climate change poses additional risks, altering hydrological
patterns and increasing flood frequency, which should be
considered in dam design and management.

8. CONCLUSIONS

Small dams are increasingly recognized as crucial for water
resource management, especially in areas facing water scarcity and
unpredictable climate conditions. While these dams offer a cost-
effective solution, they present challenges, mainly when constructed
without proper engineering practices. Such dams’ stability, safety,
and long-term functionality are key concerns, mostly when built
by farmers without professional input. Despite these challenges,
small dams remain essential in rural areas, providing vital services,
such as irrigation, groundwater recharge, and flood control.

Research into small dam construction and performance
highlights the importance of proper site selection, geological
studies, and hydrological assessments to ensure these
structures’ safety and stability. Modern methods, including
GIS, RS, and hydrological modeling, significantly improve site
selection and dam design, aiding in more informed decision-
making and reducing risks from poor construction practices.
MCDM approaches, which assess hydrological, geological,
and socio-economic factors, ensure these dams are resilient
to climate change, water scarcity, and population pressures.

Geological studies are crucial for understanding site conditions,
material suitability, and potential hazards, such as landslides or
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earthquakes. Tools, such as GeoStudio and GIS help engineers
assess the seepage, slope stability, and material properties,
thereby minimizing the risk of dam failure. Hydrological
studies, including flood peak runoff and sediment volume
estimations, guide the design of dams that can withstand
extreme weather events and operate safely over time.

Comprehensive planning, material selection, structural
analysis, and resilience strategies are key to effective dam
design. Advanced tools, such as HEC-HMS, HEC-RAS,
and CFD improve dam safety by addressing overtopping,
internal erosion, and seismic risks. Proper design of spillways,
bottom outlets, and other structural components is critical
for preventing failures, while numerical simulations and
physical models offer insights into dam behavior under
varying conditions.

Adopting modern site selection techniques, conducting
thorough geological and hydrological assessments, adhering
to engineering standards, and ensuring regular maintenance
and inspections are essential for improving the safety and
longevity of small dams. Ultimately, small dams’ success
hinges on careful planning, proper construction, and
continuous monitoring, while incorporating climate change
risks into design and management practices ensures their
resilience in the face of evolving challenges.
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ABSTRACT

Background: The menstrual cycle, which occurs on a monthly basis from menarche to menopause and facilitates
fertilization and conception, is a normal function in the female reproductive system. A 28-day cycle is the typical
length. Any variations from the typical menstrual cycle in terms of frequency, irregularity of onset, duration of flow, or
volume of blood are referred to as menstrual abnormalities. Aim: The current study set out to evaluate nursing students’
awareness regarding menstrual abnormalities. Materials and Methods: In a descriptive study of the quantitative method,
the sample of 100 female students was conducted at the University of Sulaimani/Nursing College from January 15 to
May 30, 2024. A questionnaire format was created according to the aim of the study and delivered by a team of six
experts, consisting of three parts. Part one: sociodemographic characteristics of students. Part two: Menstrual patterns of
students. Part three. Awareness of students regarding menstrual abnormalities. Data were collected by direct interviews
with the students. Statistical Package for the Social Science version 22 was used for analyzing the data. The frequency,
percentage, and Chi-square test were used. Results: Results of the present study indicated that the highest percentage
of participants were in the age group (20-24); they mostly dwelled in dormitory. Financial state for the majority was
sufficient and the vast majority were unmarried. The majority of participants experienced painful menstruation which
affected their academic performance. Moreover, only one-fifth of participants had a high awareness regarding menstrual
abnormalities. Finally, the study showed that there was a significant association between the group age of students and
their awareness regarding menstrual abnormalities. Conclusion and Recommendations: The research concludes that the
majority of participants demonstrated low awareness of menstrual abnormalities. Information, education, and awareness
programs need to be strengthened to spread awareness regarding menstrual abnormalities.

Index Terms: Menstruation, Menstrual Abnormalities, Nursing Students’ Awareness, Dysmenorrhea

1. INTRODUCTION

The menstrual cycle is the monthly set of changes that a
woman’s body undergoes in preparation for pregnancy.
Hormones stimulate the uterine lining to thicken with
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additional tissue and blood. In the event that ovulation takes
place but the egg is not fertilized, the uterine lining sheds
through the vaginal opening. A menstrual period is defined as
the flow of blood and tissue from the uterine lining. A typical
menstrual cycle might occur every 21-35 days and continue
for 2 to 7 days [1].

A complicated interplay of hormones produced by the
pituitary, ovaries, and hypothalamus controls the menstrual
cycle. Ovulation separates the luteal and follicular phases of
the menstrual cycle. Cycle length and regularity are seen as
indicators of reproductive health and endocrine function [2].
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A typical female’s menstrual flow can last anywhere from
1 day to 8 days, although it often lasts 3—5 days. The blood loss
might vary greatly, from a few spots to 80 mL, with an average
of 30 mL. Blood loss exceeding 80 mL is deemed abnormal.
The thickness of the endometrium, blood problems, clotting
disorders, and medications are some of the variables that can
impact blood flow [3].

Any variations from the typical menstrual cycle in terms
of frequency, irregularity of onset, duration of flow, or
volume of blood are referred to as menstrual abnormalities.
Menstrual cycles are abnormal in 14-25% of women; this
indicates that periods are heavier or lighter than typical, lasting
longer than 35 days or <21 days. Menstrual abnormalities can
happen at any age. Women under the age of 23 are the most
likely to experience menstrual abnormalities, even though it is
normal for women to have irregular periods at some points in
their lives. Girls often experience irregular cycles for several
years after menarche. Even healthy cycles in adult women
can vary by a few days from month to month. Periods may
occur every 3 weeks in some women and every 5 weeks in
others. Flow also varies and can be heavy or light. Skipping a
period and then having a heavy flow may occur; this is most
likely due to missed ovulation rather than a miscarriage [1].

Menstrual disorders include disorders such as pre-menstrual
syndrome (PMS), polymenorrhea, oligomenorrhea,
hypomenorrhea, menorrhagia, metrorrhagia, dysmenorrhea,
and amenorrhea. Menorrhagia (heavy flow), hypomenorrhea
(light flow), polymenorrhea (frequent flow), oligomenorrhea
(infrequent flow), and dysmenorrhea (painful flow) are
common menstrual illnesses. Premenstrual syndrome,
dysmenorrhea, and excessive uterine bleeding are the three
most common menstrual problems in teenagers. Women
may have misconceptions that what they are experiencing is
normal, they may not seek medical advice unless it is directly
related to pregnancy or conception [4].

Menstrual abnormalities are treated differently depending
on the type of disorder and lifestyle considerations (e.g,,
whether a woman plans to become pregnant). Menstrual
abnormalities caused by anovulatory bleeding (missing,
infrequent, and irregular periods) can be treated with oral
contraceptives, cyclic progestin, therapies for an underlying
illness that is the source of the menstruation issue, such as
nutritional therapy for eating disorders and psychotherapy.
Treatment for ovulatory bleeding-related menstrual
abnormalities (heavy or extended menstrual bleeding include
The implantation of an intrauterine device that releases
hormones and the usage of nonsteroidal anti-inflammatory
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drugs or different pharmaceuticals (e.g., progestin and
tranexamic acid) [5].

One of the most frequent reasons women visit family doctors
and gynecologists is menstrual disorders. It may have a
substantial impact on women’s health and result in serious
health issues like osteoporosis, Type 2 diabetes, infertility,
and cardiovascular disease. An abnormal menstrual cycle is
associated with numerous risk factors. According to a Korean
study involving 4788 women, there was a high correlation
between abnormal menstruation and significant variables
such as body mass index, subjective stress level, and smoking
status. Furthermore, there is evidence that mental health
issues such as anxiety and sadness are associated with a higher
chance of abnormal menstrual cycles [6].

Menstrual disorders or abnormalities and their effects on
physical and mental health are a major issue for women.
More than 75% of them have some menstrual-related issues.
Alterations in the typical menstrual cycles could have an
impact on their overall health and mental state. Furthermore,
itis commonly known that these disruptions affect social and
physical activity. Concurrently, it has been discovered that
menstrual issues are associated with lifestyle factors such
as stress, physical activity, smoking, alcohol consumption,
obesity, and exercise. In light of this, global research shows
that girls are far more likely than boys to experience mental
and emotional problems and behavioral issues [7].

1.1. Aim of the Study

This study was set out to determine the menstrual
abnormalities experienced by female college students and
their awareness. This information will be useful in modifying
health promotion and education activities for young females
in this environment with a view to improving reproductive
health services. It is critical to encourage students about
menstrual abnormalities to reduce the impact of these
abnormalities on their lives, particularly their academic
performance during regular sessions. Recognizing and
treating menstruation disorders is an important step toward
improving overall health and well-being, It is also vital that
authorities focus on various programs to raise awareness for
all ladies in society.

2. MATERIALS AND METHODS

2.1. Design
A descriptive quantitative study was chosen for 100 nursing
girl students in the University of Sulaimani to assess student’s
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awareness regarding menstrual abnormalities from period
January 2024 to May 2024. The data collection started on
20™ January and finished on 15" February 2024.

2.2. Study Sample

A non-probability sampling approach was used in this study
to choose a convenience sample of 100 female students in
Nursing College/Sulaimaniyah University over a 1-month
period. Those who were interested to participate were
included.

2.3. Inclusion and Exclusion Criteria

For the purpose of the study, students had to fulfill the
following criteria: Students who are female, enrolled in
nursing programs at the College of Nursing at Sulaymaniyah
and students who willingly consent to participate in the study.
Students who were not enrolled in nursing programs at the
designated universities, male nursing students, and those who
did not give their voluntary consent to participate were not
allowed to participate.

2.4. Data Tools

Direct interviews were done with study participants to
gather data. After gaining agreement, a team of six trained
researchers delivered the questionnaire to individuals using
convenient sampling. A questionnaire format was created
through a massive review of the literature. A specially
designed questionnaire was used. It consists of three sections
that cover sociodemographic information, menstrual pattern
information, and students’ awareness regarding menstrual
abnormalities. The sociodemographic information included
6 questions. It consisted of information about the (age,
residency, socio-economic status, mothers’ education,
and marital status). The menstrual pattern includes 12
questions, consisting of information about (the age of
menarche, duration of flow, amount of flow, length of cycle,
painful menstruation, premenstrual syndrome, experienced
amenorrhea, blood clot during menstruation bleeding,
dysmenorrhea interfering with academic performance,
use of medications, consulted any physician, and taking
treatment). The last part contained students’ awareness
and included 8 questions that asked for some information
regarding menstrual abnormalities. A pilot research was
conducted among 10 samples to test its validity. After
data collection, the data were analyzed using the Statistical
Package for Social Sciences (SPSS) version 22. Frequency,
percentage, and Chi-square tests were used to evaluate any
significant association between variables. The P < 0.05 is
considered significant.
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2.5. Validity and Reliability of the Study Instrument
The study tool for evaluating female nursing students’
awareness regarding menstrual abnormality in nursing college
should be subjected to expert evaluation, content, and face
validity pilot testing in order to assure validity. Factor analysis
can be used to demonstrate construct validity, whereas
criterion validity is the process of comparing findings to
pre-established measures. Test—retest methodology should
be used to evaluate reliability in order to acquire a Pearson’s
correlation coefficient, or » = 0.83. Ten female students
participated in a pilot study of the questionnaire, which was
deemed viable. Together, these actions guarantee that the
instrument assesses the intended perceptions in an accurate
and consistent manner.

2.6. Data Collection

Data were gathered by conducting interviews with the sample
using a specially designed questionnaire. The procedure
for gathering data was cartied out on 20" January 2024 to
15" February 2024. It took to 15 min for each student to be
interviewed. Verbal consent was sought and the approval of
the students to participate in the current study was secured.
The interview took place one-on-one.

2.7. Data Analysis

The SPSS for Windows, version 22.0, was used to analyze
the data. Frequency, percentage, and Chi-square tests were
used to evaluate any significant association between variables.
A P =0.05 was used as the cutoff for statistical significance
and 0.001 for high statistical significance.

3. RESULTS

Table 1 shows the sociodemographic characteristics of the
study sample. 72% of the participants were aged 20—24.
When it comes to student participation, grades one and
two have the same percentage, representing 23% for each
grade, whereas grades three and four, separately have a
27% participation rate. The majority of students (73%)
are residents in the dormitory. Financial state of 89%
was sufficient. Nearly half of the students’ mothers were
educated in primary or secondary schools, representing 45%.
Regrettably, 36% of the students’ mothers were not literate.
85% of the participants were unmarried, only 13% were
married, and only 2% were divorced.

Table 2 demonstrates the menstrual patterns of the

participants. According to the current results, 85% of
students get menarche at age (12-14) years old. Regarding
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TABLE 1: Sociodemographic characteristics of
the study sample

TABLE 2: The menstrual patterns of the study
sample

Sociodemographic characteristic Frequency %

Menstrual patterns Frequency %

Age groups <20 years 25 25.0
20-24 years 72 72.0
225 years 3 3.0
Grade 1%t grade 23 23.0
2" grade 23 23.0
37 grade 27 27.0
4" grade 27 27.0
Residency With family 27 27.0
Dormitory 73 73.0
Financial state Insufficient 7 7.0
Sufficient 89 89.0
Highly sufficient 4 4.0
Mothers education llliterate 36 36.0
Primary or secondary 45 45.0
educated
Under graduated 12 12.0
Post graduated 7 7.0
Marital status Unmarried 85 85.0
Married 13 13.0
Divorced 2 2.0
Total 100 100

duration of flow, 83% of students had a normal duration
(3-7 days) of flow. The amount of flow of 75% of
participants was normal as they changed 3-5 pads per day.
Half of the participants (52%) had a normal length of the
cycle which was (21-35 days). Moreover, 73% of participants
had dysmenorrhea which was the most common menstrual
abnormality among the study samples. Dysmenorrhea
affected the academic performance of 48%, making
40% of students to use a medication (painkiller) to relief
dysmenorrhea. In addition, more than half (55%) of the
participants had premenstrual syndrome. Neatly one-third
(38%) of the students experienced amenorrhea during their
reproductive life, whereas 61% experienced having blood
clots with menstrual bleeding, Finally, 45% of the participated
students consulted physicians on their menstrual problems,
and 38% used medication as treatment.

Table 3 presents student’s awareness regarding menstrual
abnormalities. The vast majority (78%) had no awareness
about normal timing of menarche, 74% had no awareness
about normal amount of menstrual bleeding, 87% had no
awareness about normal duration of normal menstruation
blood flow. Unfortunately, 90% of students mentioned that
severe cramps during menstruation is normal which clearly
shows their poor awareness regarding this issue. The same of
having blood clots with menstrual bleeding which represents
70%. In addition, 88% had no awareness that the absence
of menstruation for more than 3 months is abnormal. This
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Age of menarche (years)

<11 years 7 7.0
12—-14 years 85 85.0
215 years 8 8.0
Duration of flow (days)
<2 days 6 6.0
3-7 days 83 83.0
28 days 1 11.0
Amount of flow (pads/day)
Hypominorrhea (£2) 16 16.0
Normal flow (3-5) 75 75.0
Menorrhagia (26) 9 9.0
Length of cycle (days)
<20 36 36.0
21-35 normal 52 52.0
236 oligo menorrhea 12 12.0
Do you have a painful menstruation
(dysmenorrhea)?
Yes 73 73.0
No 27 27.0
Do you experience PMS (premenstrual
syndrome)?
Yes 55 55.0
No 45 45.0

Have you experience amenorrhea (absence
of menstruation)?

Yes 38 38.0
No 62 62.0
Do you have blood clots during menstruation
bleeding?
Yes 61 61.0
No 39 39.0

Does dysmenorrhea interfered with
academic performance?
Yes 48 48.0
No 52 52.0
Do you use any medication (painkiller) to
relief dysmenorrhea?
Yes 40 40.0
No 60 60.0
Have you consulted any physician on your
menstrual problems?

Yes 45 45.0
No 55 55.0
What type of treatment have you used?
Medication 38 38.0
Surgery 3 3.0
Exercise 8 8.0
Other 6 6.0
None 45 45.0
Total 100 100

result supports the general observation that most students
have alow-to-moderate awareness of irregular menstruation.
Finally, half of the students (51%) mentioned that the severe
PMS is considered abnormal.
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TABLE 3: Student’s awareness regarding
menstrual abnormalities of the sample

TABLE 4: Overall student’s awareness regarding
menstrual abnormalities

Student’s awareness regarding menstrual
abnormalities

Frequency %

Normal timing of menarche should be at the
age of (12-13) years?
Yes 22 22.0
No 78 78.0
Menstrual bleeding more than 6 pad changes
per day is considered as heavy bleeding?
Yes 26 26.0
No 74 74.0
Duration of normal menstruation blood flow is
between 21 and 35 days?

Yes 13 13.0
No 87 87.0
Sever cramps during menstruation is
abnormal?
Yes 10 10.0
No 90 90.0
Having blood clots with menstrual bleeding is
abnormal?
Yes 30 30.0
No 70 70.0

Experiencing severe PMS (severe
premenstrual syndrome) considered

abnormal?
Yes 51 51.0
No 49 49.0

Absence of menstruation for more than 3
months is abnormal?

Yes 12 12.0
No 88 88.0
Total 100 100

Table 4 displays the overall awareness of students regarding
menstrual abnormalities. According to the present study,
41% had a low awareness, 40% had a moderated awareness,
whereas only 19% had a high awareness regarding menstrual
abnormalities, see Figure 1.

Table 5 indicates the association between sociodemographic
characteristics of participants and overall student’s awareness
regarding menstrual abnormalities. According to the results,
there was no association between socio-demographic
characteristics and overall student’s awareness regarding
menstrual abnormalities except of having a significant
association between the group age of students and their
awareness regarding menstrual abnormalities of P = 0.005.

4. DISCUSSION OF THE RESULTS
Our study aimed to explore the nursing students’ awareness
regarding menstrual abnormalities in the university

of Sulaimani. The results support assessing students’
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Variable n=100
F %
Low awareness 41 41.0
Moderate awareness 40 40.0
High awareness 19 19.0
50.0%

40.0%

30.0%

Percent

20.0%

10.0%"

moderate awareness

low awareness

high awareness

overallawerness

Fig. 1. Overall Student’s awareness regarding menstrual
abnormalities among the students.

awareness and making critical decisions to improve their
awareness.

According to the presented results, the vast majority of
participants were in the age group (20-24) years old,
representing 72%. The group age of students in a study
conducted by Manna ez al., 2023 [8], ranged between (17-24)
years which nearly matches the present results. Regarding
the grade of students, grades one and two have the same
percentage of participation which represents 23% for each
grade, the same is true for grades three and four which
representing 27% for each grade, whereas the majority of
participants in Manna and Jainendran study, 2023, belonged
to 1* and 3" years [8]. The majority of students (73%) are
residents in the dormitory.

The financial state of 89% of the students was sufficient. Our
results disagree with the results conducted Manna, Jainendran,
87.7% of participants belonged to the upper socioeconomic
class [8]. Nearly half of the students’ mothers’ education
was primary or secondary education which represents 45%,
while unfortunately, 36% of students” mothers were illiterate.
Tis results show that mothers’ education plays a great role
in students awareness about menstrual abnormalities, the
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TABLE 5: Association between socio-demographic characteristics and overall Student’s awareness
regarding menstrual abnormalities among the students

Variables n=100 Total
Low Moderate High
F % F % F % F %

Age groups

<20 years 17 68.0 6 24.0 2 8.0 25 25.0

20-24 years 22 30.6 34 47.2 16 22.2 72 72.0

225 years 2 66.7 0 0 1 33.3 3 3.0
P=0.005 Significant FET=12.539 df=4
Grade

1t grade 16 69.6 5 217 2 8.7 23 23.0

2" grade 10 43.5 9 39.1 4 17.4 23 23.0

34 grade 8 29.6 12 444 7 25.9 27 27.0

4t grade 7 25.9 14 51.9 6 22.2 27 27.0
P=0.059 Not significant x?=12.109 df=6
Residency

With family 14 51.9 9 33.3 4 14.8 27 27.0

Dormitory 27 37.0 31 42.5 15 20.5 73 73.0
P=0.428 Not significant x?=1.814 df=2
Financial status

Insufficient 4 571 0 0 3 42.9 7 7.0

Sufficient 35 39.3 40 44.9 14 15.7 89 89.0

Highly sufficient 2 50.0 0 0 2 50.0 4 4.0
P=0.029 Not significant x?=10.149 df=4
Mother education

llliterate 10 27.8 16 44 .4 10 27.9 36 36.0

Primary or secondary 21 46.7 18 40.0 6 13.3 45 45.0

Undergraduates 6 50.0 3 25.0 3 25.0 12 12.0

Post graduate 4 57.1 3 42.9 0 0 7 7.0
P=0.307 Not significant x?=7.214 df=6
Marital status

Unmarried 35 41.2 34 40.0 16 18.8 85 85.0

Married 6 46.2 5 38.5 2 15.4 13 13.0

Divorced 0 0 1 50.0 1 50.0 2 2.0
P=0.824 Not significant x?=2.065 df=4

FET: Fisher-exact-test, x*: Chi-square, DF: Degrees of freedom

higher the mother’s education higher the daughter knowledge
and awreness.

Most of the participating students (85%) were unmarried,
also in a study performed (Shrestha ez a/., 2022). 9] Most
participants (85.9%) were unmarried, the same results of
the study conducted by Ighokwe And John-Akinola, 2021.
The majority of the respondents (97.5%) were single, which
matches the results of the present study.

Regarding the menstrual patterns of participants, 85%
of students get menarche at age (12-14) years old. 77%
of the sample study conducted by Shrestha ez a/, 2022,
became menarche at 12—14 years old which agrees with
the results of our study [9]. The same results were done
by Manna ez al., 2023, where the age of menarche for most
participants was 12—14 years [8].
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In the present study, 83% of students had a normal duration
(3—7 days) of flow, in comparison with (Shrestha e7 a/.,
2022) 9] study nearly two-thirds of samples (65.9%) had
a 3-5 days duration of menstrual blood flow. The amount
of blood flow of 75% of participants was normal as they
changed 3-5 pads per day while participants in a study
conducted by Shrestha e# al., 2022, changed 3-5 pads/day
was of prevalence 57% [9]. Kanti ¢f a/., 2020, investigated
that Heavy menstrual bleeding can cause iron-deficiency
anemia, which is among the leading causes of years lived with
disability in low-income and middle-income countries [10].

Our study agrees with the results of Manna ¢ a/., 2023 study,
where about 67.4% of students had moderate blood flow
[8]. Half of the participants (52%) had a normal length
of cycle which was (21-35 days), while in Shrestha ¢7 a/,
2022 [9] study, 68.8%o0f participants had a normal length

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1



Ahmad, et al.: Menstrual Abnormalities Awareness among Female Nursing Students

of cycle which is somehow higher than the results of the
present study. In a recent study conducted by Bahadoti ez
al., 2023 [11], 82.3% of participants had normal lenghth
of the menstrual cycle which is higher than the present
results. Moreover, (73%) of participants had dysmenorrhea
which was the most common menstrual abnormality among
the study samples. Dysmenorrhea affected the academic
performance of 48% of them making 40% of students use
a medication (painkiller) to relieve dysmenorrhea, the same
results of (Manna ez al., 2023) [8] study, dysmenorrhea was
the most prevalent gynecological issue which represented
(84.0%), while in a study that conducted by Esimai and
Esan, 2010, Dysmenorrhea was present in 62.5% of their
study sample [12]. Quarter of the study done by Cousins
and Saunders, 2023, participants missed time at college due
to painful periods [13].

More than half (55%) of the participants had premenstrual
syndrome, our study agrees with the results of Manna ez a/,
where the participants experienced pre-menstrual symptoms
with a prevalence of 68.4% [8]. Tiranini e# al., similarly
explored that the majority of the participants gave a history
of premenstrual symptoms. According to a recent meta-
analysis, premenstrual symptoms are very common, affecting
about half of women of reproductive age worldwide [14].

Nearly one-third (38%) of the students experienced
amenorrhea during their reproductive life, whereas 61%
experienced having blood clots with menstrual bleeding.
Almost half 45% of the participating students consulted a
physician on their menstrual problems 38% of them used
medication as treatment, whereas 16.6% of participants in
a study done by Manna ¢ a/., 2023, used analgesics while
45% of students did not use any type of treatment [8]. In
contrast, in a study conducted by Esimai and Esan, 2010,
A few students (10.5%) decided to seek help for menstrual
abnormalities [12]. Kanti e a/., 2020, had found that
dysmenorrhea was the most common menstrual abnormality.
Medication was being taken mostly for dysmenorrhea [10].
The same with Bahadori ef a/., 2023, in their study, 73.7% of
students experienced a history of dysmenorrhea which made
26.2% to take medication [11]. Many individuals experience
irregularities in their cycles, but due to a lack of awareness or
fear of social stigma, they may not seck the necessary medical
care. The physiological increase in prostaglandins during
the period plays a significant role in primary dysmenorrhea.
Prostaglandins, act by stimulating the contraction of uterine
muscles to reduce the blood flow which is responsible for
uterine hypoxia that induces painful cramping [15].
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Results about Student’s awareness regarding menstrual
abnormalities explored that the vast majority (78%) of students
had no awareness about the normal timing of menarche, 74%
had no awareness about the normal amount of menstrual
bleeding, 87% had no awareness about normal duration of
normal menstruation blood flow. Unfortunately, 90% of
students mentioned that severe cramps during menstruation
are normal which clearly shows their poor awareness regarding
the situation. The same of having blood clots with menstrual
bleeding which represents 70%. In addition, 88% of the study
sample had no awareness that the Absence of menstruation for
morte than 3 months is abnormal. Finally, half of the students
(51%) mentioned that severe PMS is considered abnormal.
According to the present study, 41% of the study sample had
a low awareness, 40% had a moderated awareness, and only
19% had a high awareness regarding menstrual abnormality.
Nearly, the same results of a study done by Esimai and Esan,
2010, the student’s awareness of menstrual abnormalities
was poor in the prevalence of (29%) [12]. On the contrary,
almostall (98.9%) of the respondents were aware of menstrual
disorders in a study conducted by Igbokwe and John-Akinola
2021, [16]. Mittiku 2022, conducted a study, that showed that
more than one-third of the college students in Debre Berhan
town have experienced menstrual irregularity. Menstrual
abnormalities should not be ignored, and greater awareness is
essential to improve women’s reproductive health. By fostering
open discussions, promoting education, and encouraging
timely medical consultations, we can reduce the stigma around
menstruation and ensure that all women can manage their
health confidently.

According to the results, there was no association between
socio-demographic characteristics and overall student
awareness regarding menstrual abnormalities except for a
significant association between group age of students and
their awareness regarding menstrual abnormalities. This
reason may be due to the absence of relationships, such as
sample homogeneity or awareness complexity. The same,
Esimai and Esan, performed a study, and their results showed
that the awareness of students of menstrual abnormalities
was significantly influenced by their age [12]. Most of the
parameters did not show a significant association so a larger
study or multicentric study is required.

5. CONCLUSION
In conclusion, many of the students had a low awareness
regarding menstrual abnormalities, recommends the need

for educational programs for college students, and secondary
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and high school students in addition to parent education,
work toward breaking the stigma surrounding menstruation,
particularly in societies or communities where menstruation
is considered a taboo topic. Schools, communities, and media
can collaborate to reduce embarrassment around discussing
menstruation to elevate awareness regarding menstrual
abnormalities. Furthermore, there was a significant association
between the group age of students and their awareness
regarding menstrual abnormalities. Menstrual pain and its
effect on academic performance are mentioned, which gives
the study a significant new dimension. It emphasizes how
menstrual irregularities have practical repercussions, particularly
when discomfort prompts drug use and reduces academic
performance. This feature supports the claim that menstruation
health should receive greater attention in both the medical
and academic spheres. Recognizing and addressing menstrual
abnormalities is a crucial step toward better overall health and
well-being, It is also critical to enhance authorities to focus on
some programs for raising awareness for all females in society.
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ABSTRACT

Vision impairment is becoming a major health concern, especially in elderly people. While in the medical field, manually
detecting ocular pathology has significant difficulty. Therefore, deep learning diagnostic techniques are widely used for
identifying eye diseases and play a crucial role in diagnosing vision-related problems. Examination of fundoscopy allows
for analyzing eyes for diagnosis of eye diseases, including Diabetic retinopathy (DR), Cataracts, Glaucoma, Age-related
macular degeneration, Pathologic Myopia, and more. In this paper, we propose a concise review of introducing most of
the DL, hybrid, and ensemble models utilized for the purpose of identification and classification of eye diseases. Various
datasets, feature extraction techniques, and metrics for performance evaluation are discussed. The chosen papers come
from conferences and scholarly publications published from 2019 to 2024. We evaluate the performance of chosen
researches using different datasets, the most common ones include ocular disease intelligent recognition, Indian DR image
dataset, EyePACS, methods to evaluate segmentation and indexing techniques in the field of retinal ophthalmology,
methods to evaluate segmentation and indexing techniques in the field of retinal ophthalmology-version 2, DIARETDB,
Structured analysis of the retina, high-resolution fundus, digital retinal images for vessel extraction, online retinal
fundus image dataset for Gl analysis and research, retinal fundus multi-disease image dataset and Kaggle datasets. The
detection studies that have been reviewed show that the accuracy of these approaches varies between 73% and 99%,
the sensitivity ranges from 69% to 99% and precision is between 89% and 99%. The results show that great accuracy
is consistently achieved with DL algorithms compared to traditional Machine learning approaches. However, there are
still some challenges and limitations remaining including excessive resource consumption and over-fitting due to dataset
size and diversity issues. This review offers useful insight for researchers and healthcare professionals to comprehend
Al technologies properly for the detection, classification, and diagnosis of retinal diseases. We succinctly summarize the
methodologies of all the chosen studies and focus on the elements that define the aim of the studies.

Index Terms: Eye Diseases, Retinal Disease Diagnosis, Color Fundus Mages, Hybrid Deep Learning, Deep Learning

1. INTRODUCTION

The eyes are considered to be one of the most important
sense organs for daily functioning and crucial for observing
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and perceiving the outside world. Eyesight problems are
experienced by almost everyone at some point in their lives.
Over the years, ophthalmologists and healthcare centers
always trying to find treatments and cures for people with
retinal disorders that cause blindness. The World Health
Organization reported in August 2023 that at least 2.2 billion
individuals suffer from a sightedness problem. They state that
all ages can be affected by vision loss, but most individuals
who experience vision impairment and blindness are over
50 [1]. In 8 out of 10 cases, blindness can be prevented or
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avoided with ecarly intervention or suitable treatment, but
before providing an appropriate treatment for a patient’s
health problem getting the right identification and disease
diagnosis is a key aspect of healthcare problems.

A particular type of machine learning known as “deep
learning” (DL), which involves training multi-layered artificial
neural networks to find patterns in data. The development
and improvement of highly effective DL techniques have
grown in healthcare as a promising tool for disease detection
and classification, Drug identification and recognition,
Medical image analysis and diagnosis, image segmentation,
and recognize particular anatomical features or lesions. Thus,
to improve the quality of treatment and health for patients,
physicians, and other medical professionals, DL is being
implemented in the present healthcare system [2].

Obtaining a retinal image using the appropriate medical
image modality is the initial stage in the process of detecting
and diagnosing retinal disorders [3]. With the invention of
various imaging modalities over the years, “Retinal or fundus
photography” has become more well-known because it is a
fast and straightforward procedure while also considerably
cost-effective and non-invasive. It is capable of capturing
the retina, blood vessels, optic disc (OD)/cup (OC), macula,
fovea, and posterior pole on the interior sutface of the eye [4],
see Fig, 1. Fundus photography images can hold and indicate
some serious abnormities in diseased eyes including Diabetic
retinopathy (DR), glaucoma (GI), cataract (CA), Age-related
macular degeneration (AMD), hypertension, Pathologic
Myopia, and other diseases, which are the primary worldwide
causes of blindness and visual impairment. Fig. 2. shows
fundus images of various retinal disorders.

Diabetes patients may experience visual loss and blindness
due to a condition called DR. Certain lesions in the eyes
are caused by DR, and over time, these lesions can lead to

k — y
kBlood veesels

Fig. 1. Color fundus photography [5].
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permanent blindness. Lesions include microaneurysms (MAs),
hemorrhages (HAs), exudates (EXs), cotton wool spots, and
abnormalities in retinal blood vessels [6]. The International
Agency for the Prevention of Blindness reports one in three
diabetic people have some kind of DR, and one in ten will
experience a vision-threatening condition. DR has 4 stages,
Mild, Moderate, Severe non-proliferative retinopathy (NPDR),
and Proliferative DR (PDR). MAs, or tiny bulges in the blood
vessels of the retina, can leak fluid into the retina in the early
stages of the disease (Mild). In addition, this may result in
macula swelling, which impairs vision. At this point, symptoms
are typically minimal or non-existent. During the Moderate
phase, the retina’s blood vessels enlarge and may block. This
may exacerbate diabetic macular edema (DME), a condition
in which fluid accumulates in the macula area of the retina
and impairs or destroys vision. The number of blocked blood
vessels in the eye is growing in Severe NPDR. Retinal growth
of new blood vessels is subsequently signaled. One may
experience fuzzy vision with dark spots if the blood vessels
totally close off. The retina loses oxygen in the last stage (PDR),
and new blood vessels develop inside the retina and into the
vitreous gel, which fills the eye. These blood vessels are fragile
and could burst and hemorrhage [7].

Another common eye disease is Gl, which is caused by
damage to the optic nerve that connects the eye to the brain.
Usually, it results from fluid accumulation in the anterior
chamber of the eye, which raises intraocular pressure.
Although it can afflict individuals of any age, folks in their
70s and 80s tend to be the most affected [8§].

A CA is a disorder in which the normal lens of the eye gets
clouded. When the proteins in your lens degrade, objects
appear foggy, fuzzy, or less vibrant. If someone has this
eye condition, their vision may shift to the point where they
see bright colors as faded or yellow instead, they may see
double or ghostly images out of their eyes. Experiencing
increased light sensitivity, and/ ot having poor night vision. It
is necessary to inform your ophthalmologist if you experience
any of these signs of a CA [9].

Another typical condition affecting the eye’s focus is known
as nearsightedness or myopia when far objects appear blurry
while close-up items appear clear. For example, you can
see clearly enough to read a map, but not well enough to
drive a car. For several decades, the prevalence of myopia
has been rising and nearly half of the world’s population is
predicted to be nearsighted by 2050. Other indications of
myopia include headaches, eyestrain, and squinting to see
clearly [10].
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Normal fundus

Glaucoma

Cataract

Myopia

Fig. 2. Fundus images with different eye conditions.

AMD is a retinal issue. AMD is quite prevalent and it is one
of the main causes of visual loss in those over 50. It occurs
when there is damage to the macula (a portion of the retina).
Loss of center vision is a symptom of AMD. However, your
side vision, or peripheral vision, will remain normal. Whether
you are looking at something close up or far away, you cannot
see fine details. Consider the scenario where you are staring
at a clock that has hands. While you have AMD you may be
able to see the numbers around the edge of the clock cleatly,
but not the hands [11].

This paper aims to offer a systematic review to shed light on
the advancements made in DL, hybrid, and ensemble-based
techniques that are especially intended to recognize, classity,
and grade retinal conditions. By focusing on recent research
publications, we critically evaluate existing methodologies,
highlight their advantages and limitations, and identify
emerging trends. The ultimate goal is to provide insights
that guide future research toward developing more accurate,
explainable, and clinically viable Al-based diagnostic tools.

2. METHODS

2.1. Retinal Image Databases

In this section, we provide information about the datasets
used for retinal disease diagnosis. The datasets used by the
studies comprise private and publicly accessible ones. Table 1

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

shows the summary of fundus image datasets for diagnosing
retinal disorders

2.1.1. Indian DR image dataset (IDRID) [12]

It is a publicly available retinal fundus image database that
provides information on disease severity grading of DR
and DME. Furthermore, provides different retinal lesions
associated with DR. Including MAs, Hemorrhages (HEs),
and Soft & Hard EXs. It consists of a total of 516 images,
which contain images marked with DR and/or DME and
134 Normal ones (without signs of DR and/or DME).

2.1.2. High-resolution fundus (HRF) image

database [13]

The dataset is public and freely available for research
purposes. Presently, there are 15 images in the database
showing healthy ones, 15 of them showing patients with DR,
and the other 15 images showing patients with GI. For every
image, binary gold standard vessel segmentation images are
supplied Budai and Odstrcilik [14].

2.1.3. Methods to evaluate segmentation

and indexing techniques in the field of retinal
ophthalmology (Messidor) [15]

The purpose of the Messidor database is to support
research on computer-aided diagnosis of DR. The French
Ministry of Research and Defense supported the Messidor
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Table 1: Summary of fundus image datasets for diagnosing retinal disorders

Dataset Samples Image distribution pre-class Purpose Disease Studies
diagnosis
DRIVE [17] 40 N: 33|Mild DR: 7 Blood vessel segmentation DR [38]
IDRID [12] 516 N: 134|Mild DR: 20, Detection, Segmentation, and DR and DME [38]—42]
Moderate DR: 136|severe DR: grading
74|PDR: 49
RFMID [19] 3200 N: 669|DR: 632|ARMD: Multi-disease Classification 46 conditions [41], [43], [44]
169|MYA: 167|Other 43
categories: rest
ODIR [21], [22] 6426 N: 3098|DR: 1406|GL: 224|CA:  Multi-Label 8 conditions [39], [41],
265|AMD: 293|H: 107|MYA: multi-class [45] —[50]
242|other diseases: 791 Classification
Messidor [15] 1200 - Exudates Detection, DR DR and DME [37], [39], [40],
Grading, apd OoD/OC (50][52]
segmentation
Messidor-2 [15], [23] 1748 RDR: 455|NRDR: 1286 DR diagnosis and lesion DR and DME [39], [42], [51],
segmentation [53]
STARE [54] 20 N: 10|non-N: 10 Blood vessel segmentation - [38], [40], [55]
HRF [13] 45 N: 15|DR: 15|GL: 15 DR diagnosis and Blood DR and Glaucoma [38], [41]
vessel segmentation
ORIGA [24] 650 N: 482|GL: 168 Glaucoma diagnosis and OD/ Glaucoma [40], [56], [57]
OC segmentation
REFUGE [25] 1200 N: 1080|GL: 120 Glaucoma classification and Glaucoma [57]
OD/OC segmentation
DIARETDBO [27] 130 N: 20|DR: 110 MAs, HMs, H&SO EXs DR [50]
segmentation
DIARETDB1 [29] 89 N: 5|Mild NPDR: 84 DR grading DR [42], [50]
ARIA [17] 450 - ONH boundary AMD and DR [40]
Segmentation
DRISHTI-GS [30] 101 - ONH segmentation Glaucoma [39], [51], [58]
DRISHTI-GS1 [32] 101 N: 31|GL: 70 ONH segmentation Glaucoma [56]
Kaggle 88,702 - DR grading DR [37], [569], [60]
(EyePACS) [33]
Kaggle 3662 - DR grading DR [611-63]
(APTOS-2019) [34]
Kaggle (eye disease 4217 N: 1074|CA: 1038|DR: Multi-class DR, GL, and CA [36], [64]

classification) [35] 1098|GL: 1007

Classification

DRIVE: Digital retinal images for vessel extraction, IDRiD: Indian DR image dataset, HRF: High-resolution fundus, STARE: Structured analysis of the retina, RFMiD: Retinal fundus
multi-disease image dataset, ODIR: Ocular disease intelligent recognition, ORIGA: Online retinal fundus image dataset for Gl analysis and research, REFUGE: Retinal fundus Gl
challenge, DIARETDBo: Standard DR database calibration level o, DIARETDB1: Standard DR database calibration level 1, ARIA: Automatic retinal image analysis, APTOS-2019:
Asia Pacific Tele-Ophthalmology Society 2019, DR: Diabetic retinopathy, ONH: Optic nerve head, AMD: Age-related macular degeneration, EXs: exudates, MAs: microaneurysms,

PDR: Proliferative DR, NPDR: retinopathy (NPDR)

research program as part of the 2004 TECHNO-VISION
program. This database includes 1200 TIFF images with
an Excel file containing each image’s medical diagnosis.
ADCIS [106].

2.1.4. Digital retinal images for vessel extraction
(DRIVE) [17]

DRIVE dataset has been created to facilitate comparative
research on blood vessel segmentation in retinal pictures. The
images used in the DRIVE database were from a Dutch study
that screened for DR. There are two sets of 40 photographs
total: a training set and a test set, each with 20 images. 7
exhibit mild early DR and 33 do not exhibit any indications
of the condition.
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2.1.5. Structured analysis of the retina (STARE) [18]
Stare is a dataset where its challenge is in the retinal vessel
segmentation and this is used in medical analysis. Out of
the total twenty fundus color retinal images in the STARE
dataset, ten are healthy ocular fundus images and the other
ten ocular fundus images are unhealthy. The dataset contains
two sets of hand-annotated images segmented by two human
experts as ground truth for retinal blood vessel segmentation
methods. STARE: A Retinal Image Dataset [18].

2.1.6. Retinal fundus multi-disease image dataset
(RFMID) [19]

A retinal image collection called RFMiD is made available
to the public. It includes 3200 photos annotated by experts
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that were taken with three distinct fundus cameras. Three
subsets of the dataset are created: 20% for evaluation (640
photos), 20% for testing (640 images), and 60% for training
(1920 images). Dataport [20]

2.1.7. Ocular disease intelligent recognition

(ODIR) [21], [22]

ODIR-5K is a structured ophthalmic database of 5,000
volunteer patients along with age, color fundus images
(CFI) of their left and right eyes, and diagnostic keywords
performed by expert ophthalmologists. The images are
saved in JPG format with various sizes and dpi values.
The diseases are labeled in a CSV file with only one letter
including Normal (N), CA (C), Gl (G), Diabetes (D), AMD
(A), Pathological Myopia (M), Hypertension (H) and Other
diseases/abnormalities (O)

2.1.8. Methods to evaluate segmentation

and indexing techniques in the field of retinal
ophthalmology-version 2 (Messidor-2) [15], [23]

The Messidor-2 dataset is a set of 874 DR examinations (1748
images), with two macula-centered eye fundus images one
per eye. It is free to use for academic and research purposes
and is not affiliated with any commercial interest. The dataset
also comes with a spreadsheet showing the pairing of images.
Annotations like a “ground truth’ for DR are missing in
them. Messidor-2 can be used, free of charge, for research
and educational purposes at Messidor2: A Retinopathy
Dataset [23].

2.1.9. Online retinal fundus image dataset for G/
analysis and research (ORIGA) [24]

This dataset incorporates 650 retinal photographs annotated
by qualified experts from the Singapore Eye Research
Institute. It was created to diagnose Gl and to segment the
OD and OC. For every image presented the CDR value,
the OD and OC boundaries, and a label identifying the
presence or absence of Gl The public can access ORIGA
upon request.

2.1.10. Retinal fundus Gl challenge (REFUGE) [25].

An openly available data set of 1200 fundus photographs
with clinical Gl labels and ground truth segmentations is
provided by REFUGE. Online available at Orlando ez a/. [26].

2.1.11. Standard DR database calibration level O
(DIARETDBO) [27]

This database includes 130 retinal images that were captured
with a 50° field of view digital fundus camera. About 20 of
the 130 photos are in good health, and the other 120 show
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signs of DR. Each image is labeled with the presence or
absence of red tiny dots, hemorrhages, hard EXs, soft EXs,
and neovascularization. Available through the webpage at
DIARETDBO [28].

2.1.12. Standard DR database calibration level 1
(DIARETDB1) [29]

Retinal fundus images in this database are 89. 84 of them
show mild NPDR, and the remaining 5 photos are normal.
The photographs were taken with a camera with a 50° field
of view. Both the DIARETDB1 and DIARETDBO databases
provide images with a resolution of 1500 X 1152.

2.1.13. Automatic retinal image analysis (ARIA) [17]
There are 450 images in the JPEG format ARIA database and
they were annotated by two expert ophthalmologists. Three
groups are created from those images: one with AMD, one
with DR, and one with a healthy control group.

2.1.14. DRISHTI-GS: Retinal image dataset for optic
nerve head segmentation [30]

A dataset of retinal images for OD and OC segmentation.
A total of 101 photos make up the DRISHTI-GS collection.
50 training and 51 testing photos make up the set. With the
patients’ permission, every photograph was taken at the
Aravind Eye Hospital in Madurai. The dataset is available at
Drishti-GS: Glaucoma Dataset [31].

2.1.15. DRISHTI-GS1: Retinal image dataset for optic
nerve head segmentation [32]

This dataset is an extension of DRISHTI-GS. It contains
50 and 51 training and testing images, respectively. Manual
segmentations are obtained for both the OD and OC regions
of each image from 4 different human specialists with
differing levels of clinical experience. A dataset was recently
made publicly available at Drishti-GS: Glaucoma Dataset [31].

2.1.16. Kaggle (EyePACS): Kaggle dataset for DR [33]
The dataset consists of 88,702 high-definition retinal photos
obtained in diverse imaging conditions. Each image has a
clinician’s rating, from 0O to 4, indicating the presence of DR.
This Kaggle dataset consists of 35,1206 training samples and
53,576 test samples in total. It is available on Kaggle [33].

2.1.17. Kaggle: The Asia Pacific Tele-Ophthalmology
Society 2079 (APTOS-2019) [34]

The Kaggle dataset has 3662 samples gathered from
numerous people in rural India and then it was arranged by
the Aravind Eye Hospital. The fundus images were taken over
an extended period in various settings and situations. There

77



Ismael and Sozan: DL-Based Approaches for Retinal Disease Diagnosis

are five categories for the samples based on DR Disease
Severity. It is available on Kaggle [34].

2.1.18. Kaggle (eye diseases_classification) [35]

The dataset includes more than 1000 retinal images per
class, including those for normal, DR, CAs, and Gl. Totally,
this dataset includes 4217 fundus images of three different
kinds of eye diseases and a normal class as well. The sources
of such images are diverse and include IDRiD, Ocular
recognition, HRE, and others. It is available on Kaggle [35].

2.2. Pre-processing Stage

Images typically vary in brightness, intensity, and visual
quality. In this section, we discuss pre-processing methods
frequently employed for fundus image analysis. Gaining the
data in a structure and shape, while also cleaning raw data
to build and train Convolutional Neural Network (CNN)
and machine learning models. Attaining greater accuracy is
a crucial stage in this process. Pre-processing retinal pictures
is typically necessary for the prediction of eye diseases to
increase model performance and accuracy. Table 2 provides
an overview of various pre-processing methods used in
ocular disease diagnosis studies.

Pre-processing the retinal photographs to extract the Region
of Interest (ROI) is the first step in Kadum ez a/. [36]. After
that, they utilized suitable image-processing methods to
separate the pertinent regions associated with every individual
ocular condition. This reduced the impact of background
noise and unnecessary image areas to concentrate the analysis
on the areas with abnormalities related to the disease. After
the ROI extraction, we scaled the pictures to 512 X 512 pixels,
which is a common size. This process guaranteed uniformity
in the input data and enabled effective feature extraction.

Developing a hybrid image enhancement algorithm to
improve the quality of pictures is proposed in the study [37].
Thus increasing contrast and reducing noise to support
the standard of color fundus imaging. There are two main
phases to the approach: First chopping images to remove
unnecessary information. Then the use of Gaussian blurring
and cropping to improve contrast and reduce noise. After
receiving retinal fundus photographs, the Fundus Image
Enhancement (FGB) model identifies the foreground
and uses Gaussian blurring to highlight the retinal vessels.
Followed by feature extraction and classification.

This dataset [65] is used by Londhe [606] consisting of (300)
normal and 3 other categories (100/ category) of eye diseases.
Images come in a variety of dimensions. The pictures were
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resized to the same dimensions. Then, the black background
of the images is removed with cropping and resized again
to 224 X 224. Then, the augmentation step is performed
(horizontally and vertically flipping) to ensure that each
class has 300 images. The dataset is split into 70%, 10%,
and 20% for training, testing, and validation, respectively.
Normalization as a data transformation step is utilized next,
in which 8-bit channels of the colors red, green, and blue are
used to represent images.

In hybrid [53] the dataset used is Decenciere e al. [15],
Messidor2: A Retinopathy Dataset [23], which consists
of variously sized photos. Thus, their resolution changed
to 960w X 1200h. After that normalization operation is
performed before providing images as input to a DL model,
each image’s pixel values should be scaled, from the range of
[0-255] to the of [0-1] by dividing them to 255. Finally, the
feature extraction procedure receives pre-processed images.

The pre-processing algorithm proposed in Xu e al [62].
Starting by cropping the image’s non-retinal portion.
Gaussian Blur method is used for enhancement of images
which improves contrast and reduces noise. For comparative
purposes in later experiments, a colored version of the
clipped image is additionally processed. Automated and
Center cropping were also carried out. Data augmentation
is finally applied to the pre-processed dataset [34] to prevent
over-fitting and expand the dataset’s diversity.

The first step in Menaouer ef al. [63] for pre-processing was
reading images and resizing them to 128 W X128 H. To
enhance the CNN models’ training performance, the pixels
are normalized. Then, to reduce overfitting, real-time image
augmentation was used, and to distribute the data evenly
among the severity levels of DR. After augmentation, 5000
photos were obtained for each class. Finally, hybrid DL
approaches used the generated images as input.

In Mahmoud ez a/. [67] a system was employed to optimize the
brightness, illumination, and equalization of the photographs.
The pre-processing step involves enhancing the contrast and
brightness of the input photos and removing any unwanted
background details. To enhance image clarity, colorful fundus
photos are normalized to a specific luminance level.

For this study [57], pre-processing was carried out in two
stages, (1) RGB2GRAY: authors converted RGB images to
grayscale because Retinal images in grayscale mode are better
than RGB at extracting and identifying textural features,
additionally lowering the noise and improving the outcome.
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Table 2: Pre-processing methods used in chosen studies

No. Studies Pre-processing methods Strengths Weaknesses
1 Doddi [36] * ROI extraction » Focuses on relevant regions that include * This may result in the loss of
* Resizing crucial information, standardizes the size peripheral details and useful
to ensure consistency across input data information
2 Abbood » Greyscale image cropping « Performs foreground identification of fundus < Circular cropping may remove
et al. [37] » Circle crop and GaussianBlur images and applies Gaussian blurring to valuable information
enhance the visibility of retinal vessels
3 Retina_  Cropping « Eliminates redundant regions, increases » Data augmentation may
Dataset [66] * Resizing dataset diversity, enhances model introduce unrealistic
» Data augmentation (flip generalization, and accelerates the transformations
vertically & horizontally) training process
* Normalization
4 Khan * Resizing » Standardizes input images for CNNs and * Not applying de-noising
et al. [53] * Normalization preferred in DNN model training techniques or contrast
enhancement (e.g., CLAHE)
5 Butt et al. [62] * Cropping * Multiple enhancement techniques » Certain techniques may distort
» GaussianBlur pre-processing improve adaptability, by automatically important features and destroy
(image enhancement) cropping the ROI based on the retinal the color information of the
* Color version of cropping & image's properties; the automatic image
GaussianBlur’s pre-processing cropping algorithm can increase
* Auto cropping pre-processing's accuracy and efficiency.
« Center cropping
6 Xu et al. [63] * Resizing » These steps enhance processing » The model may struggle with
» Normalization efficiency, improve model performance, noise and changes in image
* Augmentation increase dataset diversity, and ensure quality because the authors didn't
* Dataset splitting into 50:25:25 reliable evaluation introduce techniques to reduce
(Train, Test, and Val) noise or improve contrast in their
pre-processing steps
7 Londhe [67]  Contrast enhancement  Images often differ in intensity, » May amplify noise
brightness, and quality, Standardizing
these factors helps improve the
performance of the ML algorithm
8 Thanki [57] * RGB2GRAY * Reduces computational complexity as * Loss of color information and
« Texture feature extraction (by grayscale images have Fewer Channels reduce models performance
Gray-Level Co-Occurrence to Process, extracts important texture for tasks that depend on color
Matrix) features features
9 Nawaldgi and * Image resizing * Enhances image quality, reduces noise » Sharpening can introduce noise
Lalitha [59] » Data augmentation or unwanted artifacts
 Applying a median filter
 Image sharpening
10 Verma * Image resizing  Prepares images to meet the input * No explicit enhancement
et al. [61] * Normalization requirements for the GoogleNet and techniques are described
ResNet-18 models
11 Ouda » Up-sampling » The dataset had an uneven distribution » While upsampling helps balance
et al. [44] « Cropping of images across disease classes, the dataset, it can lead to
* Resizing upsampling was performed to help the overfitting by repeating minority
« contrast model learn more effectively class images, causing the model
to memorize patterns instead of
learning to generalize
12 Mahmoud * Resizing to 224x224 « Standard input size for CNNs ensures » No additional feature
et al. [68] * Normalization proper dataset division enhancement
« Dataset splitting into 80:20
(Train, Test)
13 Ishtiagq * Remove duplicates « Cleans data for better model performance < May discard potentially useful
et al. [60] * Remove flow identifiers data
* Feature conversion
« Dataset splitting
* Feature normalization
* Replace infinite values to 0
14 Shimpi and * Resizing « Standardizes input improves class » No explicit enhancement
Shanmugam * label encoding balance techniques are described
[69] » Data augmentation
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Table 2: (Continued)

No. Studies Pre-processing methods Strengths Weaknesses
15 Sarode and * Resizing * CLAHE enhances contrast effectively for » Computationally intensive. If
Desai [70] » Image enhancement (CLAHE) medical images parameters are not properly
« Dataset splitting tuned, CLAHE can produce
» Data augmentation suboptimal results
* Normalization
* Resizing to 496x496
16 Menaouer * Average filters * Enhances edge details, improves contrast ¢ Filtering may remove subtle
et al. [64] * Laplacian filters features

» Data augmentation
« Dataset splitting into 80:20
(Train and Test)

CLAHE: Contrast limited adaptive histogram equalization, CNN: Convolutional neural network

(2) Feature Extraction: The Gray-Level Co-Occurrence
Matrix (GLCM) approach is used to extract texture
information from retinal fundus pictures.

Preprocessing the dataset was the initial stage of the
suggested model [59]. To improve the quality of images,
enhancement techniques are used. First, dataset images
were resized (to 512 X 512) to standardize them because
they have different dimensions. Then, a data augmentation
method was employed to achieve data balance. To remove
noise from the images, a median filter was applied to the
full dataset. Finally, The sharpening filter operated by first
creating a blurry copy of the original image, which was then
subtracted from the original.

In addition to significant imbalance, the data also have
issues with focus, exposure, noise, and artifacts. Pre-
processing involved in this study [61] was resizing and
normalizing the photographs to comply with GoogleNet
and ResNet-18 Models’ specifications for input images
(224 X 224 X 3).

The authors of Abbas ¢z al. [44] used a range of pre-
processing methods to provide a diversity of training data.
The primary method involved was upsampling the dataset
for the model to learn better. After that, the dataset’s images
were cropped to have a 1:1 ratio size so they could be quickly
and easily resized to 224 X 224. The dataset’s original images
included a range of resolutions. This process of cropping
enables keeping the essential information to improve learning
during model training,

The authors in this research [68] pre-process the Kaggle
dataset by resizing images to the standard size of 224Xx224
pixels and performing normalization. Data was split (80/20)
for training and testing was also performed.
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Authors in Verma ef al. [60] mention that data-cleaning
methods such as de-noising, normalizing, and equalization
can be applied to fundus images [33] to enhance image
quality, as these images may include artifacts such as
reflection, noise, and brightness variation. As further data
augmentation approaches, flipping, rotating, and zooming
can be used to reduce overfitting and diversify datasets. Pre-
processing techniques can be used on the images to minimize
dimensionality and enhance the effectiveness of the feature
extraction and ensemble learning phases once the dataset has
been cleaned, augmented, split, and labeled.

After gathering the retinal fundus images from Emma Dugas
and Cukierski [33], pre-processing steps, such as scaling,
cropping, and “Contrast Limited Adaptive Histogram
Equalization (CLAHE)” are applied in Ali Tabtaba and
Ata [42]. In the image augmentation phase, a high-quality
image is provided for additional processing using Generative
Adversarial Networks (GANs). Finally, the HCMD-
CNN model takes the augmented images for subsequent
processes. The pre-processing techniques applied in Sarode
and Desai [69] were made up of 3 steps. (1) Resizing — the
technique that is most commonly used for resizing to change
the dimensions of images is a bilinear interpolation. (2) A
technique called label encoding is applied to translate class
or categorical labels into numerical representations. (3) Data
augmentation — an effective pre-processing method that
artificially increases the training dataset’s variety. Several
transformations are utilized including Rotation, Width and
Height Shift, Shear Range, Zoom Range, and Horizontal Flip.

In Pin et al. [70], image pre-processing methods are applied
before feeding OCT images to neural network models,
such as resizing images to 500 X 300. After that CLAHE
technique was performed to enhance the quality of images
(clip limit = 2.0 and tile grid size = 3X3). There are three
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sets in the dataset Division. First: The dataset is randomly
divided into 80% train and 20% test sets. Second K-Fold
cross-validation is applied to separate the train set into five
holes for training and one for validation. Finally, three sets
are created from the dataset. Data augmentation was used
to increase dataset size, prevent overfitting, and generalize
image classification models.

This study [64] applied enhancing filters to CFP images to
improve their quality and highlight the boundaries of the
regions of interest. An average filter is utilized to enhance
CFP images from a dataset, smoothing them and reducing
noise. The Laplacian filter sharpens border delineation,
making it easier to identify edges and features in the images.
By employing various data augmentation techniques,
including flipping, rotating, shifting, and more, the number
of images during the training phase is increased. Finally, the
dataset [35] is divided with an 80:20 distribution for training
and testing, Table 2 lists the pre-processing methods utilized
by hybrid models.

3. HYBRID DL

This section describes how the research studies were
conducted. According to Bouchrika [71] the research papet’s
methodology is the foundation for evaluating the validity of
your investigation. In this section, we discuss the methodology
followed by each study chosen, and almost all of them utilize
hybrid techniques for their work. Fig. 3. shows the distribution
of reviewed papers published from 2019 to 2024.

This study [66] introduces a novel method for classifying
4 different categories of eye diseases using the benefits
of combining CNN-RNN models (hybrid). The early
stages of the methodology involve data collection from
Kaggle, exploratory data analysis, pre-processing, and data
transformation. In the modeling phase, CNN would serve

Number of reviewed papers (2019 -2024)
15

10
|
- )

Number of papers

H2019 ®m2020 w2021 2022 m2023 w2024

Fig. 3. Distribution of reviewed papers published
per year (2019-2024).
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as a feature extractor which is being carried out using the
chosen transfer learning models, InceptionV3, DenseNet169,
and InceptionResNetV2. The collected features are then
classified using the LSTM module, which is an RNN model.
The model was implemented on both imbalanced and
balanced datasets. The pre-trained weights of each of the six
constructed models are used in the transfer learning models.
K-fold cross-validation is used to implement each of the six
models at k=5.

To improve overall image quality and contrast, this
paper [37] presents a hybrid image enhancement model
designed specifically for CFI and five phases of early
diagnosis of DR (normal, mild, moderate, severe, and PDR).
The Kaggle dataset (EyePACS) and MESSIDOR were used
in this article. After receiving retinal images, the model uses a
modified Resnet50 network for DL feature extraction and DR
classification, while also foreground detection and Gaussian
blurring are used to emphasize retina vessels.

A model for multi-retinal disease classification (MRDCM) was
created in this study [45]. This model utilizes a combination
of ensemble, transfer, and DL techniques, focusing on the
top four diseases. The process began with selecting the
dataset, determining the optimal DL model, and applying
data augmentation and preprocessing methods. It then
employed advanced training techniques and implemented an
ensemble of EfficientNetB4 and EfficientNetV2S to create
the final model. The subsequent step involved interpreting
the model's predictions and diagnosing images by assessing
the proportion of each disease within them. For individual
classifications, the researchers ultimately stacked binary
logistic regression models.

The authors in Shimpi and Shanmugam [68] presented a
novel hybrid model (DRINN) for DR detection and grading;
It comprises two distinct innovative DL architectures,
ResNet-152 and DenseNet-121. Acquiring the DR Kaggle
dataset, pre-processing it by normalizing and resizing the
images, dividing the training and test data in 80/20% and
the applying proposed hybrid DRNN model with some
hyper-parameters are the main steps of the methodology
for this work. The DRNN model is constructed using many
ResNet-152 layers, then multiple DenseNet-121 levels. Each
layer has numerous convolution and pooling layers. The
DenseNet-121 blocks extract more detailed features from the
input images and the ResNet-152 blocks extract higher-level
information from it. To achieve the predicted class labels, a
classification layer is inserted at the network’s end.
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The pre-trained CNN models of GoogleNet [72] and
ResNet-18 [73] are used in [61] to create a hybrid approach
that extracts features from fundus images and performs
binary and multiclass classifications of DR. Following the
pre-processing stage, the images are sent into the transfer
learning models. Both models will be used to extract a total of
1000 features. Then, four classifiers will receive the combined
2000 features as input to predict the output classes. SVM can
achieve the highest percentage accuracy and other metrics in
both binary and multiclass classification using hybrid features
extracted from both models.

The authors of this study [62] propose a hybrid model
that combines EfficientNet (for local feature extraction
of the image) and Swin Transformer (to extract the global
features) for the classification of DR staging. An algorithm
for automated cropping of the region of interest while the
image’s center is kept, Gaussian blur to enhance visual clarity
and contrast and additional techniques include learning rate
scheduling, weight attenuation Dropout, and several data
augmentation algorithms. The Model is separated into two
branches: EfficientNet is used as the backbone network,
while Swin Transformer is used in another branch. The
two branches’ outputs (extracted local features and global
features) are fused through a fully connected layer after being
concatenated into the classification layer for the classification
of DR stages.

In Aykat and Senan [74], nine different CNN architectures
are applied to the OCT retinal dataset to detect 4 retinal
disease types and acquire the performance outcomes of
each to detect success rates. Then, to improve these models’
performance, hyper-parameter tuning is employed. Finally,
based on the most effective models of these hyper-parameter
tuned architectures, they created a hybrid CNN model
(EfficientNetV2S and Xception) named EffXCeptNet. The
proposed model was demonstrated through comparisons of
the performance results with other models and outperformed
them.

The authors of this study Kermany ez a/ [75] suggest a
novel DL-based model for accurately predicting various eye
conditions from OCT images. It is a two-step procedure that
starts with segmentation using a trained U-Net model and
ends with disease classification using an ensemble model
made up of the Xception and InceptionV3 networks. To
improve classification, the self-attention method is used
to enhance model ability which makes use of each model’s
feature maps. The web application is built that permits users
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to upload their raw OCT scan pictures and obtain disease
classification results for OCT images.

The automatic DR detection diagnostic tool proposed in
this paper [67] named a hybrid inductive machine learning
algorithm (HIMLA) that analyzes colored fundus images and
classifies them as either unhealthy (having DR) or healthy (no
DR). The input photos undergo pre-processing to remove
any unwanted background details and improve contrast and
brightness. The processed images are encoded and decoded
to segment them during the segmentation stage. Based on
significant information from the segmented region and how
an image is altered from its original state to one afflicted by a
disease, features have been extracted. Classifying retinal images
using multiple instance learning (MIL) comes in the last step.

The work presented in Pin ez a/. [70] is based on an ensemble
of two CNN transfer learning models. The authors propose
an ensemble CNN model to analyze OCT images and classify
five retinal conditions. Before feeding OCT images into
neural network models, image pre-processing techniques
applied, such as background removal, and contrast limited
adaptive histogram equalization (CLAHE) are used to
improve the quality of the images, image size reduction,
and data augmentation to dataset size increasing and overfit
preventing. Finally, an ensemble method based on the
MobileNetV3Large [76] and ResNet50 [77] fusion probability
output is suggested for achieving a more robust OCT image
classification performance.

In Ishtiaq ez al [59] authors propose a hybrid approach
for the identification and classification of DR using an
ensemble-optimized CNN. The pre-processing steps include
resizing images, augmenting data, median-filter applying, and
sharpening images. Three approaches are utilized for feature
extraction (LBP, GraphNet124, and ResNet50). Shannon
Entropy algorithm is used for the selection of those features.
Binary Dragonfly Algorithm [78] and Sine Cosine Algorithm
(SCA) [79] are used for fusing and optimizing selected
features. Ten ML algorithms are used (five of which are
SVM variations and five are KNN variants), and optimized
feature vectors are fed to those. Each of these algorithms
was assessed using a separate evaluation matrix depicted in

Table 3.

The authors in this research [57] present an innovative
hybrid framework for GI detection (Gl or non) combining
CNNs (ResNet50, VGG-16) and ML (Random Forest)
in an ensemble approach. The methodology consists of
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Table 3: Details of chosen studies for eye disease diagnosis

Study (Year) Dataset Feature extraction Classification model Type of classification Accuracy
method (%)
Abbas et al. [45], 2022 - ODIR « Convolutional layers * CNN  Multi-class (4) *96.9
(CNN) » Two classes * 100
Khan et al. [49], 2021 * ODIR (Kaggle) *VGG-19 *VGG-19 * Binary classification * 97.47
Hind Hadi et al. [46], * ODIR « EfficientNet * Custom neural * Multi-Label multi-class * 89
2020 network * (8 classes)
Classification
Aljohani and * DRISTHI- GS * HOG * LDA » Multi-class (4) *73.33
Aburasain [58], 2022 * ACRIMA-DB * GLCM *RF * 82.56
* SVM * 82.64
*NB » 88.86
Al-Timemy et al. [81], * EyeNet * CNN * CNN » Multi-class (32) * 95
2023
Nawaz et al. [82], * MuReD » DenseNet161 » C-Tran  Multi-class (20) -
2023
Hossain et al. [39], * IDRID * ResNet50 * ResNet50  Multi-class (4) * 96.94
2023 * ODIR *VGG-16 *VGG-16
* DRISHTI-GS » Xception » Xception
* Retinal « EfficientNetB7 « EfficientNetB7
Dataset-GitHub * Custom DCNN model ~ « Custom DCNN model
» Messidor
* Messidor-2
Hossain et al. [50], * DIARETDBO « EfficientNetBO « EfficientNetBO  Multi-class (4) +98.76
2024 * DIARETDB1 *VGG16 *VGG16 *98.11
» Messidor * ResNet152V2 * ResNet152V2 *97.3
* HEI-MED * GRU+ResNet152V2 * GRU+ResNet152V2 +98.38
» ODIR (Kaggle) * Bi-GRU+ResNet152V2  « Bi-GRU+ResNet152V2 *98.11
* Retina
Hossain et al. [55], * STARE * CNN (AlexNet) * CNN (AlexNet) » Multi-class (4) -
2020
Hossain et al. [38], * Private * DCNN (AlexNet) * DCNN (AlexNet) * Binary classification * 95.77
2020 * HRF
* DRIVE
* STARE
* IDRIiD
Vadduri and * ORIGA * ResNets * DNN » Multi-class (4) * 85.79
Kuppusamy [40], 2021 - IDRID *VGGs
*+ MESSIDOR
* ARIA
* STARE
Rodriguez et al. [83], » Kaggle * MobileNetV2 * MobileNetV2  Multi-class (5) *96.2
2021 * (Transfer learning)
Wang et al. [47], 2021  + ODIR * Resnet-34 * Resnet-34 * Multi-class (8) +90.85
« EfficientNet « EfficientNet *94.32
» MobileNetV2 » MobileNetV2 +93.82
*VGG-16 *VGG-16 +97.23
Dipu et al. [48], 2022 *« ODIR *VGG-19 *VGG-19 * Binary classification *94.0
+88.9
* 86.1
* 86.6
*98.1
+90.9
* 86.8
Ali Tabtaba and * RFMID * ML-CNN * ML-CNN » Multi-class (45) °+94.3
Ata [43], 2022 * (sigmoid)
Vanita Sharon and * DRISTHI-GS1 * DNN * KNN * Binary classification * 65.3-99
Saranya [56], 2023 ORIGA * (SqueezeNet) * SVM
* DT
*RF
* NB
*LR
(Contd...)
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Table 3: (Continued)

Study (Year) Dataset Feature extraction Classification model Type of classification Accuracy
method (%)
Chea and Nam [41], * IDRID * CNN * CNN * Multi-class (4) « 84
2023 * HRF « Transfer learning « Transfer learning ° 94
+ ODIR (EfficientNet)
* RFMID
Albelaihi and * Messidor * CNN * CNN » Multi-class (4) *81.33
Ibrahim [51], 2021 » Messidor-2
* DRISHTI-GS
» Kaggle
Sarki et al. [52], 2019 * Messidor » AlexNet » AlexNet * Binary classification *93.46
*VGG-16 *VGG-16 +91.82
» SqueezeNet * SqueezeNet *94.49
» Custom CNN » Custom CNN +98.15
Guo et al. [84], 2020 » Kaggle * CNN * CNN * Binary classification +88.13
* (AlexNet) * (AlexNet) *73.75
+ 89.38
+ 86.88
*97.50

DRIVE: Digital retinal images for vessel extraction, IDRiD: Indian DR image dataset, HRF: High-resolution fundus, STARE: Structured analysis of the retina, RFMiD: Retinal fundus
multi-disease image dataset, ODIR: Ocular disease intelligent recognition, ORIGA: Online retinal fundus image dataset for Gl analysis and research, DIARETDBo: Standard DR
database calibration level o, DIARETDB1: Standard DR database calibration level 1, ARIA: Automatic retinal image analysis, APTOS-2019: Asia Pacific Tele-Ophthalmology Society
2019, LDA: Linear discriminant analysis, CNN: Convolutional neural network, DCNN: Deep: Convolutional neural network, Messidor: Methods to evaluate segmentation and indexing
techniques in the field of retinal ophthalmology, Messidor-2: Methods to evaluate segmentation and indexing techniques in the field of retinal ophthalmology-version 2

four main steps including data collection, pre-processing
(converting images to gray-scale and texture extraction),
training 3 models, and classification. GLCM was used to
extract textutre featutres, which were then fed into the Random
Forest algorithm. Moreover, retinal grayscale fundus have
been fed into the ResNet50 and VGG16 models. By using
ensemble modeling (combining 3 models), the Gl detection
framework was carefully created.

In Al-Timemy e a/. [80] authors developed a hybrid DL
model to detect keratoconus (IKCN) based on corneal maps.
To identify KCN-induced lesions associated with a specific
corneal map exclusively, they first created seven DL models
based on the EfficientNet-b0 architecture, each of which
was trained to extract deep features from that map. Next,
deep features from various corneal maps are combined to
create a hybrid model that combines deep features (1000)
extracted from each corneal map based on a support vector
machine to generate a concatenated vector with 7000 deep
features.

To classify fundus images for 3 disease types, this study
[60] uses a hybrid approach that combines ensemble
learning and deep-trained feature extraction models.
After some pre-processing methods, this study used 8
DL pre-trained models for feature extraction and applied
3 ensemble learning models (Extra Trees, Histogram
Gradient Boosting, and Random Forest) for classification.

84

The results showed that the combination of DenseNet
for feature extraction and ensemble learning models
(classifiers) produced the best results and outperformed
other techniques and classifiers. To precisely predict the
risk of diabetes at an early stage, a novel Hybrid CNN and
Autoencoder model is presented in this paper [69]. The
methodology taken by the authors includes data collection,
pre-processing (Image Resizing, Label encoding, and Data
Augmentation), and Proposing a hybrid model of CNN
and autoencoder. The CNN is used to extract spatial
features from the retinal images, while Autoencoder is
used for unsupervised feature learning and dimensionality
reduction, by combining the advantageous characteristics
of both a hybrid model is designed.

This study [53] proposed a hybrid DL-metaheuristic model
for automated diagnosis of DR. An InceptionV3 DL model,
is used for feature extraction from fundus images. Simulated
Annealing (SA) is applied in the feature selection process.
The proposed model has four steps. (1) Retinal image pre-
processing. (2) In the feature extraction step, processed
images are fed into a deep CNN network and abstract
features are obtained using the transfer learning approach.
(3) In the feature selection step, a metaheuristic algorithm
(i.e., SA) is applied to reduce the number of features while
obtaining the best potential features. (4) A decision tree-based
algorithm (XGBoost) which is an ensemble method is used
as a classifier.
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Another research [36] proposed a hybrid feature extraction
method for 4 types of eye disease classification. Pre-
processing tasks include ROI Extraction and image resizing
to a standardized size. Feature extraction is done by utilizing
3 methods (LBP, GLCM, and TFCM). Then, those features
are combined into a single feature vector, representing the
texture and statistical features of the eye disorders. Finally, the
two classifiers were utilized for classification (kNN and SVM).

A DR diagnosis model is proposed in Ali Tabtaba and
Ata [42], in which fundus images are taken from 3 datasets.
The pre-processing tasks were done including scaling,
cropping, and CLAHE. When image augmentation is
performed, high-quality images are provided for additional
processing carried out by GANs. The augmented photos are
subsequently fed into a hybrid cascaded multi-scale Dilated
CNN model (HCMD-CNN), whereby the MobileNet
and Residual Attention Network are used to produce a
promising result. By suggesting the novel algorithm called
MSTGEOQ, the hyper-parameters in the network were
optimally selected.

The authors of this research [63] propose a hybrid DL
strategy for the identification and classification of DR,
utilizing two VGG network models (VGG16 and VGG19) in
conjunction with the deep CNN method. First images were
pre-processed and then CNN and two VGG NETWORK
models were used for feature extraction and classify the data.

The goal of this work [64] is to apply hybrid strategies based
on feature extraction and fusion methods to classify an eye
disease dataset. The first approach uses an ANN to classify
fundus images utilizing features from the DenseNet121
and MobileNet models independently after using principal
component analysis to reduce the high dimensionality and
repetitive features. The second approach uses ANN based
on fused features from the MobileNet and DenseNet121
models, both before and after feature reduction. The third
approach uses ANN to categorize the eye illness dataset using
hand-crafted features and fused features from the MobileNet
and DenseNet121 models separately. The ANN achieved the
highest accuracy by combining handcrafted features with a
fused MobileNet.

4. DISCUSSION AND FUTURE WORK
The primary aim of this research is to present a comprehensive
review of hybrid models form an important aspect of

DL-based system analysis of retinal fundus images. A hybrid
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model due to the integration of different methods used to
diagnose eye diseases.

A summary and discussion of the performances of chosen
schemes are provided in this section. ML and DL-based
approaches for eye disease identification and classification
using retinal images are shown in Table 3, and hybrid-based
approaches are depicted in Table 4. The accuracy ranges of
ML/DL studies vary between 73% and 98%. The maximum
accuracy was 98.76% achieved by Albelaihi and Ibrahim [50].
In which authors proposed a model called “DeepDiabetic”
for diagnosing and identifying four different types of diabetic
eye diseases, they considered five architectures’ performances,
and the EfficientNetB0 model did better than the other five
which achieved high accuracy. The minimum accuracy was
obtained by Nawaldgi and Lalitha [58]. In this proposed work,
structural (CDR and RDR) and textural (HOG and GLCM)
features are used to develop an automated Gl assessment
approach from CFI. Among four Classifiers utilized for the
classification task Linear Discriminant Analysis achieved the
lowest accuracy (73.33%).

It is a noteworthy achievement to use DL models to analyze
retinal fundus images with over 90% accuracy. Among
the studies, many methods achieved an accuracy of over
90%, including those reported from [36-39], [41-45], [47],
[49,50], [52,53], [57], [59], [63,64], [67-70], [74], [81], [83],
and [85]. In contrast, others achieved lower than 90%
accuracy, including [40], [46], [51], [58], [60], [60], and [80].
See Table 4, in some of those studies, the authors’ focus
was on using traditional ML feature extraction methods
[58]. However, these might not be sufficient to capture the
full complexity of the data when compared with DL-based
approaches which are the most commonly used to date.
The pre-processing step enhances the effectiveness of DL
approaches, especially in analyzing medical images. If the
pre-processing stages do not handle imbalanced datasets,
image quality enhancement, noise reduction, and other
standards used in image pre-processing analysis the model
might perform well on the majority of diagnoses but lead
to poor feature extraction and fail to detect rare retinal
abnormalities. Furthermore, relying on only a single or small
dataset might restrict the model’s generalization to other
datasets or real-world clinical data. Data augmentation can
be used to increase the amount of samples. Thus, taking
these problems into account will significantly enhance the
model’s performance.

Table 4 demonstrates hybrid-based methodologies built
for eye disease identification and classification using retinal
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Table 4: Details of hybrid studies for eye disease diagnosis

Study (Year)

Dataset

Feature extraction method

Classification model Type of

classification

Performance (%)

Doddi et al. [36],
2023

Abbood et al. [37],
2024

Retina Dataset
[66] 2021

Khan et al. [53]
2023

Butt et al. [62]
2024

Xu et al. [63]
2022

Londhe [67] 2023

Thanki [57] 2024

Nawaldgi and
Lalitha [59] 2023

Verma et al. [61]
2022

Ouda et al. [44]
2022

Mahmoud

et al. [68] 2023
Ishtiaq et al. [60]
2024

Shimpi and
Shanmugam [69]
2024

Sarode and Desai
[70] 2021
Menaouer

et al. [64] 2023

He et al. [74]
2023

Syarifah et al. [85]
2024

Mirjalili [80] 2021

Babagqi et al. [42]
2024

» Kaggle (eye
disease
classification)

» Kaggle (EyePACS)

» Messidor

» Kaggle

» Messidor-2

» Kaggle

* (APTOS-2019)

» Kaggle
(APTOS-2019)

* CHASE

* ACRIMA

+ G1020

* ORIGA

* REFUGE
» Kaggle (EyePACS)

» Kaggle
(APTOS-2019)

* RFMiD

» Kaggle

» Kaggle (EyePACS)

* Private

* Private

» Kaggle (eye
disease
classification)

+ OCT

* Public
* Private
* IDRID

* DIARETDB1
* Messidor-2

- LBP

* GLCM

* TFCM

* ResNet50

* (CNN)

* InceptionV3

* InceptionResNetV2
» DenseNet169

* InceptionV3

* Simulated Annealing
« EfficientNet

* Swin Transformer

* CNN

*VGG16

*VGG19

* Optimization of attributes

* GLCM

+ LBP

» GraphNet124

» ResNet50

* (Transfer learning)
» GoogleNet

* ResNet-18

« EfficientNetB4

« EfficientNetV2S
* ResNet-152

* DenseNet-121

» DenseNet201

* InceptionResNetv2
» MobileNetV2

* ReseNet152V2
* NASNetMobile
* NASNetLarge
*VGG16
*VGG19

* CNN

» Autoencoder

» MobileNetV3Large
* ResNet50

* DenseNet-121

* MobileNet

« EfficientNetV2S

» Xception

* InceptionV3

* Xception

* (Hybrid model)

« EfficientNetB0O

* MobileNet

* Residual Attention
Network

* SVM » Multi-class (4)

* KNN

* ResNet50 * Multi-class (5)

* (RNN) » Multi-class (4)

*LSTM

* XGBoost * Binary
classification

* Hybrid model » Multi-class (5)

* CNN » Multi-class (5)

*VGG16

*+VGG19

» Multiple instance * Binary
learning classification

* Random Forest * Binary

* ResNet50 classification

*+VGG16

* SVM » Multi-class (5)

* KNN

*NB * Binary

*RF » Multi-class (3)

* RBF

* SVM

» Ensemble learning » Multi-class (4)

» Multi-class
(27)

» Multi-class (3)

« Hybrid model (DRNN)

* Random Forest
* Extra Tree
* Histogram Gradient

* CNN
* Autoencoder

» Multi-class (5)

* Ensemble model
* (CNN)
* ANN

» Multi-class (5)
» Multi-class (4)
* Hybrid model

* (EffXCeptNet )
* Ensemble model

» Multi-class (5)
» Multi-class (4)
* SVM » Multi-class (5)

* MSTGEO-HCMD-CNN * Multi-class (5)

+99.88
+99.55

+ 92

*69.50

+92.55

* 97

*90.60

* 96.62

*95.41

+ 98.85

+97.80

+89.29

*96.23

* 96.91

+87.2

+90.92

*91.69

*98.5

*99.90

* 96.60

+81.6

+95.79

RFMID: Retinal fundus multi-disease image dataset, ODIR: Ocular disease intelligent recognition, ORIGA: Online retinal fundus image dataset for Gl analysis and research, REFUGE: Retinal fundus
Gl challenge, APTOS-2019: Asia Pacific Tele-Ophthalmology Society 2019, CNN: Convolutional neural network, Messidor: Methods to evaluate segmentation and indexing techniques in the field
of retinal ophthalmology, Messidor-2: Methods to evaluate segmentation and indexing techniques in the field of retinal ophthalmology-version 2, GLCM: Gray-Level Co-Occurrence Matrix
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images and OCT images. The obtained accuracy of the
proposed hybrid-based models ranges from 69% to 99%.
The highest accuracy belongs to Aykat and Senan [74] which
is 99.9%, and 69.5% of Londhe [66] is the lowest accuracy
of all the chosen classification techniques.

Similarly, in terms of sensitivity (True Positive Rate
or Recall) as shown in Fig. 4, the maximum obtained
sensitivity scores among all of the chosen researches is
99.9% of Aykat and Senan [74], and the minimum one
is 69.5% which belongs to Londhe [66]. A sensitivity
score of above 90% was attained in certain works,
including [36], [42], [59], [61], [62], [67], [68], [70], [74], [85]
and [63], while others reported sensitivity below 90%. In
addition, some researches scored sensitivity up to 95%, such
as [61] (binary classification), [36], [59], [67], [74], [85] and
[42] as shown in Fig, 5.

Regarding acquiring precision scores for chosen researchers,
they range from 89.40 % to 99.9%. The study [74] scored
the highest precision rate of 99.9% in which they built
a hybrid CNN model named EffXCeptNet (combined
EfficientNetV2S and Xception), authors applied nine
different CNN architectures on OCT retinal dataset to
detect 4 retinal disease types. The pre-trained CNN models
of GoogleNet and ResNet-18 are used in Butt e/ a/. [61] to
propose a hybrid approach that extracts features from fundus
images and performs binary and multiclass classifications of
DR. However, their binary classification achieved a 97.8%
precision rate but the multiclass classification achieved the
lowest precision rate of 89.40% among all other studies
where chosen.

Fig. 6. shows the distribution of papers published from 2019
to 2024. The number of published studies related to retinal
diseases was retrieved from PubMed [86]. The number of
publications in this field has steadily increased over the years,
reflecting the growing interest and advancements in DL
applications for fundus image analysis. Notably, the number
of studies rose from 13 in 2019 to 73 in 2024, demonstrating
an accelerating research focus in this area. The trend
suggests that research interest peaked in 2024, likely due to
advancements in DL techniques including hybrid approaches
and the availability of large-scale datasets.

The most commonly used datasets in retinal disease diagnosis
studies are shown in Fig, 7. The findings reveal that Messidor
and EyePACS are the most frequently utilized datasets. This is
likely because these datasets are widely used in DR diagnosis,
which remains a primary focus in retinal disease research due
to its high global prevalence. ORIGA is also widely used; it
was specifically developed for Gl diagnosis and OD/OC
segmentation. The IDRID dataset was created to assess the
severity of DR and DME. It stands out for its high-quality
annotations, making it a valuable resource for accurate disease
grading and analysis.

Moderately used datasets, such as ODIR and DRIVE, are
often chosen for specific diagnostic tasks such as multi-
disease classification and Vessel Extraction. On the other
hand, RFMiD and HRF are used less frequently in studies, as
researchers often prefer datasets that better suit their specific
research goals and offer larger sample sizes. These findings
highlight a strong preference for large, well-annotated
datasets, which are essential for effectively training and

InceptionV3, InceptionResNetV2, DenseNet169

69.50%

(Hybrid model), EfficientNetBO

81.60%

D
CNN, VGG16, VGG19

87.20%

CNN, Autoencoder

90.60%

90.92%

MobileNetV3Large, ResNet50
InceptionV3, Si i

91.69%

Random Forest, ResNet50, VGG 16

92.55%

MobileNet, RAN
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EfficientNetB4, EfficientNetv2S

95.79%
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96.60%

ResNet-152, D
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EfficientNet, Swin Transformer
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Fig. 4. The effect of hybrid deep learning on performance.
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validating DL models in this field. However, the limited use
of certain datasets suggests they may be underutilized, which
could be addressed in future research to improve dataset
diversity and enhance model generalization.

Although the use of DL in fundus image analysis has
produced excellent outcomes, it is important to remember
that there are still many other areas in which it is still
limited. After reviewing various learning-based techniques
for the detection and classification of eye diseases, the
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following outlines their advantages, and limitations of
recent studies.

Certain studies primarily focus on performing fundus
image detection or classification of one type of eye disease
alongside normal (healthy) cases [38], [48], [49], [52],
[56], [84], for example, the presence or absence of DR or
CAs, that is, binary classification. Exploring the scope to
deal with a wider range of conditions could enhance the
model’s applicability and make it more versatile for real-world
clinical use. The process of Disease detection/classification
expanded in Ouda ez al. [43], Wang ez al. [46], Dipu ez al. [47],
Retina_Dataset [68], Rodriguez ¢f a/. [82] by considering some
other types of Diabetic eye diseases including AMD, CAs,
myopia and more. Expanding to contain diverse diseases can
elevate the quality of their work much more and make it more
impactful and applicable in real-world scenarios. While some
datasets have Fundus images with labeling stages of some
diseases which can be considered for eye disease detection and
severity grading (e.g., mild, moderate, and severe), in this way
the studies conducted in Hossain ¢7 a/. [38], Khan ¢# a/. [49],
Khan ez al. [52], Thanki [50] are significantly enhanced as it
enables the system to detect the diseases at carlier stages.
The performance of models can be improved by focusing
on more practical solutions to address the class imbalance
issue present in the suggested datasets, which still needs
further attention in several studies [43], [46], [50], [82], [83].

Some studies only utilize a single CNN architecture [49],
comparisons with other models or previous researches
are not given [51], [55], [84], while it might add significant
value to the research. It might be more useful for Nawaz
et al. [81], Guo ef al. [83] to compare their approach with a
wider range of state-of-art models to highlight the strengths/
weaknesses of the proposed approach and could provide
more insights for researchers about various models’ strengths
and effectiveness. While also essential for enriching findings
and showing how your work is better and differs from others.

Researchers make use of both ML [36], [58] and DL
models for eye disease diagnosis. Hach approach offers
unique advantages, but DL-based models could be used
in Thanki [56], Nawaldgi and Lalitha [58] to automatically
extract features and improve classification tasks. In addition,
it has shown great success in tasks such as image analysis,
particularly in medical image classification.

When datasets have a limited number of samples which

is considered low, this might raise the risk of overfitting
and class imbalance. Therefore, studies like [42], [59], [64]
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have applied strategies to increase fundus images, such
as data augmentation to balance the data and DL models
to generalize to any new datasets as a large number of
samples are required during the training phase. Some
studies [46], [55], [83] rely only on a single and small
dataset which might increase the restriction of the model’s
generalization on other datasets or real-world clinical data.
On the other hand, studies like [42], [57] evaluated their mode
with more than one dataset.

The pre-processing stage is an essential section in research
papers because of the details of how raw data in datasets are
prepared for feature extraction and training of the models.
However, several studies, including [38], [41], [506], [58] do
not provide detailed information about pre-processing of
dataset images such as how they deal with dataset imbalance,
image cleaning, normalization, data augmentation, resizing,
and more.

Future work is an important part of research sections that
contain valuable information about some works that are
missed currently and new ideas that might be considered in
future work. Some researchers do not suggest any additional
or alternative approaches that might be explored in future
research, such as [47], [52].

Some studies [47], [56] seek to classify different types of
ocular diseases but they do not provide a brief overview of
the various types of ocular diseases that they tried to detect,
which might be useful for readers to obtain basic information
about them to realize how normal images are different from
abnormal ones and which portion of the image is important
to determine the exact disease.

To evaluate the effectiveness of the models, it is essential
to provide details of performance metrics such as accuracy,
precision, recall, and others. The absence of showcasing
these metrics, as observed in Vanita Sharon and Saranya [55],
leaves the readers without a clear understanding of how well
the model performs.

As observed in recent studies, a key trend in this field is
the recent advancements of a synthesis of the most recent
transfer, ensemble, and DL techniques that are significantly
utilized to create an accurate, reliable model for eye disease
diagnosis; this could potentially increase accuracy and
capacity of predictions. More especially, hybrid DL models
offer stronger feature extraction capabilities, making them
highly effective for complex classification tasks. Another
trend is the transition from single-disease detection to multi-
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disease classification and severity grading that enables eatly
detection and supports efforts for widespread screening,

Future research should focus on offering an Al-automated
tool (Real-time implementation) for diagnosing disorders
related to the eyes that experts in medical departments can
use. It is desperately needed in clinical centers and serves
as an Internet of Medical Things (IoMT) application. This
strategy helps with the early referral of emergency patients
to specialists and may reduce the time needed for clinical
diagnosis.

In addition, expanding the dataset’s size or combining several
different datasets to increase the number and include a more
varied sample of demographics, nationalities, and geographic
regions builds a more precise or enhances the model’s
resilience and generalizability.

9. CONCLUSIONS

This paper proposed a concise review of introducing a
range of learning paradigms including DL, hybrid, and
ensemble models utilized for the purpose of diagnosis of eye
diseases. More specifically, this review focused on one type
of ophthalmic imaging modality, which includes an extensive
range of disorders relating to the eyes in image format, that
is, fundus images. In addition, highlights the advantages of
hybrid techniques that integrate different machine learning
and DL algorithms with required image processing methods
to detect, diagnose, classify, and grading various retinal
diseases. A survey of the selected papers was conducted
over the past 5 years; here we narrowed down the review of
studies conducted in 2019. We described and summarized
the methodologies of selected studies in the area of fundus
image diagnosis, including data collection, pre-processing
approaches, feature extraction, and classification models.
According to our analysis of these studies, hybrid techniques
have been widely utilized by researchers for the purpose of
combining the strengths of different models, enhancing
diagnostic accuracy, and improving feature extraction and
classification.

In addition, we have noted a number of restrictions related
to the investigations. We have discussed their advantages,
challenges, emerging trends, and potential opportunities for
future research in this field. Furthermore, we highlighted
the strengths and weaknesses of the most commonly
used datasets in these studies. As we realized Al systems
can help physicians by offering an automated tool for the
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early identification, classification, and grading of various
eye conditions. Given the lack of medical specialists
relative to the number of patients, offering a cost-effective
automated Al system for diagnosing disorders related to
the eyes is desperately needed, which helps support medical
professionals and allows patients to begin treatment soonet.
We hope that our research will be able to provide an in-depth
analysis and cover a thorough and up-to-date summary of
Eye disease diagnosis.
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ABSTRACT

The progress of quantum computing has posed serious threats to classical cryptographic systems, necessitating much
research into developing post-quantum cryptography (PQC). Of the schemes available in PQC, the strongest candidates
appear to be lattice-based cryptography (LBC), which encompasses an ample security basis and good computation
efficiency. However, practically implementing LBC is faced with key-generation and optimization difficulties, mainly
because of its enormous key sizes and computational overhead. The research proposes a novel concept whereby genetic
algorithms (GAs) are blended with LBC to increase the merits of key generation while guaranteeing security. Through
the evolutionary capacity of GAs, the proposed method optimizes lattice-based keys through selection, crossover, and
mutation to ensure high entropy and computationally feasible with experimental results indicating that the GA-based
method can cut down memory requirements and computational complexity, making it favorable for resource-constrained
environments such as the Internet of Things and embedded systems. The method thus suggested accelerates encryption
speed and simultaneously strengthens the security of the optimized key structures. This study emphasizes evolutionary
algorithms’ potential to facilitate PQC advancement and provides a scalable and efficient framework for cryptographic

systems.

Index Terms: Cryptographic Security, Genetic Algorithm, Key Optimization, Lattice-Based Cryptography,

Post-Quantum Cryptography

1. INTRODUCTION

The launch of quantum computing has considerably
challenged the standard cryptographic setups [1]. Existing
classical cryptographic systems, such as RSA and Elliptic
Curve Cryptography (ECC) |2], bank on mathematical
complexities that are computationally very hard for standard
computers but can be quite simply solved by quantum
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algorithms, such as Shor’s algorithm [3]. This weakness has
sped up the search for post-quantum computing (PQC)
solutions and eventually led to the design of cryptosystems
that are amenable to attack by quantum computers [4].
Lattice-based-cryptography (LBC) [5], with its robust security
guarantees and great ease of computation has since been in
the limelight. In this spirit, the National Institute of Standards
and Technology (NIST) [6] has broadened its interests in
forming global efforts to standardize PQC algorithms: Some,
like lattices, are under scrutiny to become future standards
for cryptographic schemes.

Lattice-based cryptography (LBC) is based on the extreme
hardness of two computationally challenging lattice problems
called the Shortest Vector Problem (SVP) and the Learning

Published: 20-04-2025
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with Errors (LWE) [7]. This kind of cryptography is
considered a potent building block for digital signatures, key
agreements, and encryption security for the quantum age [§].
However, the practical deployment of such systems faces
challenges in key generation and optimization. Key sizes
in large key lattice systems may yield troublesome memory
sizing. At the same time, computational cost may restrict
their applicability in low-resource environments such as the
Internet of Things (IoT) and embedded systems [9].

LBC derives its security from the computational intractability
of certain fundamental lattice problems, primarily the SVP
and the LWE problem [7]. The SVP involves finding the
shortest non-zero vector in a high-dimensional lattice, which
is known to be NP-hard under specific norms [10]. The
LWE problem, on the other hand, is based on solving linear
equations with small random errors, making it resistant to
both classical and quantum attacks. These problems serve
as the basis for constructing secure encryption schemes,
digital signatures, and key exchange protocols [11]. Unlike
factorization-based cryptosystems, which are vulnerable to
Shor’s algorithm, the hardness of SVP and LWE remains
intact even in the presence of quantum computers [12].
As a result, LBC has emerged as a leading candidate for
PQC and is actively being standardized by NIST for future
cryptographic applications.

To tackle these problems, genetic algorithms (GAs) are
used in this study to address the optimization incorporating
lattice-based cryptographic keys. GAs [13], which were taken
from biology around 1970, are an efficient and effective
technique for solving optimization problems in complex
algebraic and other structures. GAs have, in so many words,
implemented all the desirable features that were essential to
hyperplanes’ construction [14], such as characters, crossover/
mutation, strategies, concealing, and non-linearities. Through
the practice of GA, it is possible to refine lattice-based
cryptographic keys by adopting an evolutionary multi-
objective technique selection, crossover, and mutation. The
GA and LBC concepts meshing enhance the key generation
process by pruning the infeasible keyword combinations that
do not guarantee high security.

Major Contributions:

e The paper introduces GAs in LBC modification, stating
clear processes for obtaining security

e  Our proposed change advances the efficiency of key
generation, thus reducing resource waste for computation
while guaranteeing security

94

e We mean improving key optimization, memory efficiency,
and encryption speed and illustrate how the proposed
method performs better for this particular purpose

e This article examines this technique within real-world
cryptography systems resistant to quantum computer
attacks, focusing on particularly resource-limited
environments.

The remaining sections of this paper are as follows: Section
2 provides a comprehensive survey of PQC and lattice-based
schemes and explanatory notes on optimization. Section
3 shows how GAs are combined with lattice-based key
generation and explains the research strategy used. Section
4 describes an experimental study on the improvement
method, including the performance measurement and the
results obtained. Finally, Section 5 provides closure to the
text and delves into the prospective directions of the study’s
development.

2. LITERATURE REVIEW

A serious threat to traditional cryptographic schemes by
quantum computers has spurred the development of
PQC — an arms race for creating cryptographic algorithms
capable of withstanding quantum-level attacks. The quest for
more robust encryption methods in the future of quantum
computing has led the NIST to assume a leading role in
standardizing such algorithms. It then secks an extensive
account of recent pasta and relevant methodologies of
PQC in LBC, its applications, improved performance,
and enhanced security against threats from quantum
computers.

Quantum computers use quantum mechanical principles to
perform tasks at exponentially faster speeds than classical
ones. Notably, integer factorization, which is an example of
the task, could be broken through the use of Shor’s algorithm,
thus making the most used cryptographic systems, such as
RSA and ECC “dead.” Although Shor’s algorithm has only
been deduced by theory, it is powerful or efficient enough to
continue with any practical quantum computer for big-sized
everyday applications. Thus, the emergence of PQC would
keep it secure even against the quantum era. Standardization
about resistance to quantum algorithms is yet crucial, and
even candidates have been evaluated at NIST primarily based
on complex mathematical problems, e.g., LBC [15].

The rapid advancements in quantum computing pose
significant threats to traditional cryptographic systems,
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necessitating a transition toward PQC. UAVs, which rely on
open wireless channels and have constrained computational
resources, are particularly vulnerable to quantum-based
attacks, making PQC integration crucial for securing their
communications [16]. The NIST PQC standardization
process has driven research toward hardware implementations,
leading to the development of PQC hardware circuits and
system design techniques to enhance security in various
applications [17]. However, the migration of IP networks
to PQC remains a complex challenge due to inconsistencies
in migration steps, terminology, and security concerns, with
present implementations being largely experimental [18].
A structured transition plan to PQC is essential, incorporating
identification, protection, detection, and response phases to
ensure a quantum-resilient cybersecurity infrastructure [19].
While hybrid cryptographic systems combining traditional
and quantum-resistant techniques are being explored,
significant challenges remain in practical deployment and
regulatory alignment.

One of the candidates in the post-quantum computing
(PQC) contest, LBC, has become a beautiful choice. LBC
entails the solving of lattice-based problems such as the
closest vector problem, the flexible LWE, and the ring LWE
issues that are known to be classically and quantumly hard to
solve [20]. LBC-based protocols are available for encryption,
key exchange, digital signature, and even homomorphic
encryption, and they can be used to secure various kinds
of data and communication channels. Even though LBC
is safe in practice, some real-world problems arise while
trying to implement this scheme, where primary key and
memory management structures may be inefficient, making
it not convenient for use in areas where resources, such as
embedded systems and [oT equipment, are few.

The global spread of IoT devices and the subsequent
advancement in capabilities of mobile networks to 5G has
necessitated the search and development of cryptosystems
that will resist attacks facilitated by a quantum computer. [oT
devices are of limited computational power, which requires
lightweight cryptographic solutions that provide resistance
to quantum attacks and are not stretched when it comes
to performance [21]. Such a lightweight LBC instance is
beneficial in such a scenario as it provides almost the same
level of security as the ordinary LBC with approaches that
decrease both memory usage and the level of computing
resources in general [22]. In particular, a recent study
provided efficient symmetric and asymmetric quantum-safe
algorithms for an IoT environment, showing significant
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performance and memory cost improvements over the
existing NIST-approved algorithms [21].

With its abundance of highly complex operations, the
prospect of LBC has put a lot of pressure on its developers
to improve performance [23]. Various forms of vectorization
have been instrumental in enhancing lattice-based schemes,
namely key exchange protocols. The section has improved
and reduced time and energy consumption [24]. Finally,
attention was focused on the problems associated with
enlarging keys and using lattice-based systems. An example
of such systems is NTRU systems, which can provide faster
encryption and key generation than RSA but also suffer from
the problem of the large sizes of the keys, which renders
them unsuitable for many users [25].

LBC has the potential to address challenging security issues,
but great care is still required to protect all such systems
from the effects of quantum computers. There continue
to be hazards associated with lattice structures and their
operations, irrespective of whether they are hardware or
software components. For that reason, research in this area is
necessary to improve the security for LBC and come up with
workable measures in the wake of new threats, such as those
that may rely on stealth, as seen in side channel methodologies
or physical access [26]. Moreover, the transformation of
NIST’s PQC faceless approach has to consider the security
necessity along with the practicality of memory consumed,
scheduler cycles utilized, and power consumed by the devices
to ensure that the said tablets satisfy the limits of different
hardware equipment [27].

Cryptographic systems that are lattice-based have arisen as
the answer to the problem of post-quantum vulnerability.
This security concern is determined by the specific algorithms
encountered while encrypting information. Although the
security model of such systems is rather strong, certain
complexity is observed in their practical implementation
in environments where resources are limited, such as the
IO0Ts or Edge processing. Optimizing LBC production
or incorporating other LBC optimal techniques, such as
vectorization, has dramatically increased the ability of LBC to
adapt to different appliances. Moreover, it may be expedient
to evaluate the security, performance, and other parameters in
scale as pioneers of this technology accept other changes that
are inevitable toward quantum computers. NIST’s attempts
to invent Projected Quantum Computation Standalone
systems for the future are significant for the following safety
standards needed. A comparison of the most relevant related
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works is provided in Table 1 to highlight the differences and
advantages of the proposed method.

3. MATERIALS AND METHODS

3.1. PQC and LBC

PQC [28] is a field of cryptographic research that aims
to develop secure cryptographic algorithms resilient to
attacks by quantum computers. Classical cryptographic
schemes such as RSA and ECC rely on problems, such
as integer factorization and discrete logarithms, which are
efficiently solvable using Shor’s algorithm on a sufficiently
powerful quantum computer. PQC schemes are designed to
counteract this vulnerability based on problems that remain
computationally intractable even in the presence of quantum
adversaries.

LBC has emerged as one of the most promising candidates
for post-quantum secure cryptographic protocols. It relies on
the computational hardness of lattice problems, such as the
SVP and the LWE problem. Given a basis B= {4, 4...,5 |}
of an n-dimensional lattice A, the SVP requires finding the
shortest non-zero vector » € A which is computationally
difficult even for quantum computers. The LWE problem,
introduced by Regev, is formulated as follows: given a set
of linear equations with small noise, recovering the original
secret vector s is assumed to be hard. Mathematically, LWE
can be defined as Eq(1).

A-s+e=bmodq 1

Where A eZ,™" is arandomly chosen matrix, s € Z is the
secret vector, and ¢ €Z; is an error term sampled from a

small noise distribution. Recovering s given (A,b) is believed
to be computationally infeasible for large enough parameters.
LBC provides efficient and scalable constructions for
encryption, digital signatures, and key exchange protocols.

3.2.GA

GA [13] is an evolutionary optimization technique inspired by
natural selection and genetics principles. It is widely employed
to solve complex optimization problems where traditional
mathematical or heuristic approaches may be inefficient. GA
operates on a population of candidate solutions, evolving
them iteratively through selection, crossover, and mutation
operations to enhance solution quality. The fitness function,
denoted as f(x), evaluates the suitability of each candidate
solution x within the search space.
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The algorithm begins with an initial population P = {x,
xz,...,xﬂ}, where each x is a chromosome encoding a
potential solution. Selection is performed to retain high-
fitness individuals, commonly using roulette wheel selection,
tournament selection, or rank-based selection. In roulette
wheel selection, the probability of selecting an individual x;

is proportional to its fitness:

f(xz)
Zﬂ f(Xz)

J=1

P(x;)= )

Crossover, or recombination, involves exchanging genetic
material between selected parents to create offspring,
A common approach is single-point crossover, where a
random crossover point ¢ is chosen, and genes are swapped
between two parents to produce new chromosomes:

Child, = (Parent [: ¢], Parent, [c: ]) (3)
Child, = (Parent [: c], Parent, [c: ]) 4)

Mutation introduces small random alterations to maintain
genetic diversity and prevent pre-mature convergence. If
x. is a binary-encoded chromosome, a bit-flip mutation at
position j can be expressed as:

%, = 1, ®)

Where X, is the /” gene of chromosome x. The algorithm
iterates through these operations until a termination criterion
is met, such as achieving a pre-defined fitness threshold or
reaching a maximum number of generations.

3.3. Proposed Method

This study presents a hybrid cryptographic framework
hybrids GA and lattice-based encryption to enhance security
and adaptability. The method consists of four main stages:
key optimization, encryption, mutation, and decryption. Key
optimization is performed using GA to generate an invertible
encryption key matrix K over Z, . The fitness function
ensures the invertibility of Kby verifying that its determinant
satisfies ged(det(K),256) = 1 and that its modular inverse exists
in modulo 256. The fitness function is defined as:

F(K) = {ZK,zf ged(det(#),256) =1 "

—00, otherwise

Where YK represents the sum of all elements in the
key matrix. The GA iteratively refines K using selection,
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crossover, and mutation to obtain an optimal encryption
key. Encryption transforms the plaintext message P into its
numerical representation and computes the ciphertext C
using matrix multiplication in modular arithmetic:

C = P-K mod 256 (7)

Where padding is applied to align with encryption parameters.
To enhance security, a GA-based mutation process introduces
controlled randomness by flipping bits in C, further
obfuscating the encrypted text and increasing resistance
against attacks. Decryption is performed using the modular
inverse of the key matrix, ensuring correct retrieval of the
original message:

P’ = CK' mod 256 ®)

Where P’ ideally reconstructs the original plaintext. The
invertibility of K ensures accurate recovery of P without
information loss. Integrating GA-based optimization with
lattice cryptography provides a robust mechanism resistant to
conventional attacks. The introduced noise through mutation
adds a layer of obfuscation. The proposed scheme offers a
potential post-quantum alternative, leveraging the hardness
of modular matrix inversion while maintaining computational
efficiency.

To address the potential security vulnerabilities associated
with using GAs for cryptographic key generation, we
acknowledge that while GAs offer efficiency improvements,
they may introduce risks. Specifically, the optimization
process might lead to patterns or predictable sequences in
the generated keys, which could be exploited by attackers.
This concern arises because GAs are inherently stochastic,
and if not carefully designed, they may converge to weak
or vulnerable keys, thereby reducing the security of the
encryption system. In addition, if the search space is not
sufficiently large or diverse, or if the genetic operators (such
as selection, crossover, and mutation) are not effectively
applied, the randomness required for secure cryptographic
keys could be compromised, making them more susceptible
to cryptanalysis techniques such as brute-force or statistical
attacks.

To mitigate these risks, we have incorporated mechanisms
within our GA-based key generation process to preserve
randomness and avoid pre-mature convergence. This includes
ensuring that the search space remains large and diverse,
and that proper randomization techniques are used. We also
recommend conducting further security evaluations, such as

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

testing against known cryptographic attacks (e.g., differential
and linear cryptanalysis) and assessing the strength of GA-
generated keys in realistic environments. While GAs can
enhance the efficiency of cryptographic key generation,
it is essential to carefully design and test the approach to
prevent the introduction of vulnerabilities and ensure its
applicability in secure cryptographic systems. The flowchart
of the complete process is illustrated in Figure 1, providing
a visual representation of the step-by-step workflow.

3.4. Computational Complexity Analysis

The computational complexity of the proposed method,
“Optimization of Lattice-Based Cryptographic Key
Generation Using Genetic Algorithms for Post-Quantum
Security,” is evaluated by considering the key stages:
key optimization using GAs, encryption, mutation, and
decryption. In the key optimization stage, the GA iterates
over populations of candidate solutions. Selection evaluates
each matrix based on the fitness function, which requires
computing the determinant and verifying the invertibility
condition. The time complexity of this operation is O
(n’). Crossover combines matrices with complexity O (i),
and mutation flips bits in the matrix, also requiring O (/7).
Evaluating the fitness function involves determinant and
modular inverse calculations, leading to a total complexity
of O (W’ + 1) per generation.

For encryption, the process involves matrix multiplication
between the plaintext and the key matrix, with a complexity
of O (#%). Similarly, the mutation step in the ciphertext
involves flipping bits, which also takes O (#°). Dectryption
requires matrix multiplication with the inverse of the key
matrix, along with modular inverse computation, resulting
in a complexity of O (' + 7).

The overall time complexity of the method is dominated
by the GA key optimization and can be expressed as
O (gp*(n’ + ), where g is the number of generations,
p is the population size, and # is the matrix dimension.
The total complexity also includes the O (»’ + #°) cost
of encryption, mutation, and decryption. While the GA
introduces computational overhead due to its iterative
nature, it provides a flexible approach to solving NP-hard
optimization problems, such as LBC, which is resistant
to quantum attacks. This hybrid approach offers strong
security guarantees while maintaining efficiency within the
constraints of the cryptographic operations. The overall
computational complexity of the proposed method is
dominated by the key optimization process using the GA.
The total complexity of the method can be expressed as:
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{ Generate Key Using Genetic Algorithm

A 4

Input Plaintext
Message

Apply Lattice-Based Apply Mutation to
Encryption Ciphertext

Convert Numerical
Values Back to Text

; Transmit or Store the
}4—{ Decrypt the ClphertextJd—{ ErcryptediDats J«

Fig. 1. Flowchart of the proposed method.

O (gp:(’ + 1)) + O (W + ). where g is the number of
generations in the GA, p is the population size, and 7 is the
dimension of the key matrix.

4. EXPERIMENTAL EVALUATION

The experimental evaluation of the proposed method was
conducted with a population size of 50 and a maximum
iteration count of 50. The implementation was implemented
in Python and executed on a Core i7-13650HX processor
with 24GB of RAM. To optimize the efficiency of the GA
in cryptographic key generation, we used the face-centered
central composite design method [29], which tests parameters
such as population size, mutation rate, and number of
generations at three levels: low, medium, and high. This
systematic approach allows for a thorough exploration of the
parameter space to identify optimal settings. The following
tables and figures comprehensively assess the method’s
performance in encryption, decryption, and mutation
processes.

Table 2 presents the optimized key matrices derived from
the proposed method. The optimized key structure is
critical to encryption security, ensuring randomness and
unpredictability while maintaining computational efficiency.
The displayed key values highlight the capability of the
GA in optimizing cryptographic parameters. The key
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TABLE 2: Optimized Keys achieved by the
proposed method

[[175 216 252 239]
[131 239 239 213]
[239 252 213 251]
[187 239 251 216]]

Optimized key:

matrix exhibits a well-distributed pattern, reinforcing the
robustness of the encryption scheme. These optimized
keys are instrumental in generating secure ciphertext,
thereby preventing unauthorized decryption attempts. The
structured yet dynamic nature of the key suggests that the
GA is effective in producing high-entropy keys, which is
crucial for strong encryption. The results confirm that the
proposed approach generates optimized encryption keys that
enhance security and balance complexity and computational
feasibility. By ensuring a high degree of randomness, the
key optimization process significantly improves the overall
encryption robustness, making it resistant to cryptanalysis.

Fig. 2 illustrates the convergence behavior of the GA in
optimizing the key generation process for lattice-based
cryptographic schemes. The x-axis represents the number
of generations, while the y-axis denotes the best fitness
value observed during the optimization process. As the
number of generations increases, the fitness value improves
consistently, demonstrating the effectiveness of the GA in
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evolving optimal cryptographic keys. The initial fluctuations
in the fitness values indicate the exploration phase of the
algorithm, where diverse candidate solutions are evaluated.
As the generations progress, the curve exhibits a steady
upward trend, reflecting the exploitation phase where the
algorithm refines solutions to achieve higher fitness values.
The smooth yet incremental improvement in fitness confirms
the stability of the GA and its ability to converge toward an
optimized key structure. This result validates the efficacy of
using GA-based optimization in post-quantum cryptographic
key generation by reducing computational overhead while
maintaining high-security standards.

Table 3 presents the encryption and mutation results for
short ciphertexts containing between 1 and 100 characters.

Fitness Evolution

3500 A

3250 A

3000 A

2750

Best Fitness

2500 A

2250

2000 A

1750 4

0 10 20 30 40 50
Generation

Fig. 2. The convergence curve is attained by the proposed method.

TABLE 3: Short ciphertext and mutation analysis
1-100 characters

Original: Moonlit dreams drift upon the waves, lost in endless
time.

Decrypted Moonlit dreams drift upon the waves, lost in endless

(GA-based time.

key):

Original [[107, 143, 162, 227], [59, 55, 59, 237], [216, 201, 2,

Ciphertext: 21],[72, 49, 85, 50], [159, 235, 217, 173], [100, 28,
192, 177], [214, 248, 164, 206], [95, 203, 106, 112],
[218, 35, 70, 20], [198, 117, 112, 153], [13, 206, 71,
175], [77, 239, 93, 35], [225, 252, 11, 166], [226,
107, 8, 79], [213, 138, 94, 241]]

Mutated [[107, 143, 163, 227], [58, 55, 58, 237], [217, 200,

Ciphertext: 3, 21], [73, 49, 85, 501, [158, 235, 216, 173], [101,
28,193, 177], [215, 248, 165, 206], [94, 203, 107,
113], [219, 34, 70, 21], [199, 117, 112, 153], [12,
207,71, 174], [77, 238, 93, 34], [225, 252, 10, 167],
[226, 106, 9, 79], [213, 138, 95, 241]]

100

The original plaintext and its corresponding decrypted
output confirm the accuracy of the GA-based key recovery.
The exact match between the decrypted text and the
original message indicates that the proposed decryption
approach successfully reconstructs the original input without
introducing errors. Furthermore, the analysis of original and
mutated ciphertexts reveals subtle alterations applied to the
encoded text, a critical feature in enhancing security. These
controlled mutations introduce diversity in the ciphertext
representation, ensuring that even minor variations in the
key can lead to significantly different encrypted outputs.
This characteristic is essential in preventing pattern-based
cryptanalysis while maintaining the ability to decrypt the
message when the correct key is used accurately. The results
validate the proposed approach’s effectiveness in ensuring
secure communication with a robust decryption mechanism.

Table 4 extends the ciphertext analysis to medium-length
messages, ranging from 101 to 200 characters. Similar to the
previous case, the decrypted text precisely matches the original,
further establishing the reliability of the GA-based decryption
mechanism. The analysis of the ciphertext mutations reveals
systematic modifications applied to the encrypted message.
These modifications serve the dual purpose of enhancing
security while preserving the integrity of the decryption
process. By introducing slight perturbations in the ciphertext
structure, the mutation process ensures that even if an
attacker gains partial knowledge of the encryption method,
reconstructing the exact plaintext without the key remains
computationally infeasible. The results highlight the robustness
of the proposed method in handling larger messages while
maintaining high decryption accuracy. This adaptability to
varying message lengths is crucial to practical cryptographic
implementations, making the method viable for real-world
applications requiring secure communication.

Table 5 evaluates the performance of the proposed
approach on long ciphertexts containing between 201 and
300 characters. The results reinforce the algorithm’s ability
to decrypt lengthy messages accurately. The decrypted
output remains consistent with the original, demonstrating
the method’s scalability and reliability. The analysis of the
mutated ciphertexts further substantiates the security-
enhancing capabilities of the proposed approach. The
systematic variations introduced in the encrypted text
ensure that even slight modifications to the input lead to
substantial changes in the ciphertext, a desirable property in
cryptographic systems. These controlled mutations make it
challenging for adversaries to exploit patterns or predict key
variations, strengthening encryption security. The successful

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1



Al Attar and Mohammed: Post Quantum Security Using Genetic Algorithm

TABLE 4: Medium-length ciphertext and mutation evolution 101-200 characters

Original:
Decrypted (GA-based key):
Original Ciphertext:

Mutated Ciphertext:

Through silent nights and golden dawns, the stars still weave their tales, whispering love to the restless tides.
Through silent nights and golden dawns, the stars still weave their tales, whispering love to the restless tides.
[[39, 209, 119, 98], [40, 33, 61, 230], [243, 170, 30, 214], [200, 78, 14, 102], [80, 109, 201, 146], [230, 22, 163,
232], [250, 69, 216, 161], [165, 154, 143, 223], [136, 241, 62, 151], [127, 93, 161, 133], [47, 68, 177, 219], [206,
62, 251, 44], [22, 104, 127, 158], [63, 156, 108, 199], [201, 89, 214, 205], [175, 96, 200, 103], [148, 87, 173, 110],
[138, 10, 162, 29], [238, 181, 149, 193], [0, 139, 230, 182], [194, 180, 17, 232], [178, 185, 245, 85], [245, 167,
207, 115], [133, 208, 160, 189], [160, 155, 45, 233], [148, 239, 99, 253], [18, 49, 237, 76], [63, 189, 130, 74], [18,
16, 40, 242]]

[[38, 209, 118, 98], [41, 32, 61, 230], [243, 171, 31, 214], [200, 78, 14, 102], [80, 109, 201, 146], [231, 22, 163,
233], [251, 68, 217, 161], [165, 154, 142, 223], [136, 240, 63, 150], [126, 93, 161, 133], [46, 68, 176, 218], [207,
62, 250, 45], [22, 105, 126, 159], [63, 157, 108, 199], [200, 88, 214, 205], [175, 97, 200, 103], [149, 87, 173, 110],
[138, 11, 162, 28], [238, 181, 148, 193], [1, 139, 231, 183], [194, 180, 16, 232], [179, 184, 245, 85], [245, 167,
206, 115], [132, 209, 160, 189], [161, 154, 45, 233], [149, 239, 99, 253], [19, 48, 237, 76], [62, 188, 130, 74], [19,
16, 40, 243]]

TABLE 5: Long Ciphertext with GA-based decryption and mutations 201-300 characters

Original:
Decrypted (GA-based key):

Original Ciphertext:

Mutated Ciphertext:

Beneath the silver glow of distant constellations, the ocean sings its endless song, where fleeting echoes of love
and longing intertwine, carried on the breath of time, forever dancing between the shores of memory and fate.
Beneath the silver glow of distant constellations, the ocean sings its endless song, where fleeting echoes of love
and longing intertwine, carried on the breath of time, forever dancing between the shores of memory and fate.
[[70, 142, 208, 185], [35, 100, 176, 11], [47, 68, 177, 219], [94, 137, 201, 46], [126, 79, 119, 109], [26, 197, 84,
220], [255, 190, 42, 63], [199, 180, 88, 74], [191, 9, 69, 30], [68, 218, 97, 200], [254, 235, 55, 227], [2, 221, 108,
78], [189, 232, 164, 57], [188, 44, 32, 41], [69, 1, 78, 97], [26, 107, 20, 82], [213, 204, 84, 208], [204, 8, 52, 147],
[249, 199, 135, 2], [87, 66, 242, 116], [120, 210, 205, 68], [164, 196, 40, 19], [255, 53, 37, 231], [138, 35, 96,
196], [154, 142, 33, 138], [225, 166, 54, 74], [217, 182, 62, 2], [3, 225, 249, 102], [20, 234, 46, 107], [34, 128, 40,
102], [7, 197, 156, 188], [122, 128, 4, 93], [31, 246, 99, 109], [146, 7, 128, 18], [192, 57, 49, 207], [198, 133, 183,
199], [44, 181, 61, 135], [214, 248, 164, 206], [47, 254, 156, 49], [242, 15, 119, 124], [71, 233, 95, 61], [145, 126,
239, 192], [195, 9, 227, 94], [142, 238, 184, 97], [133, 15, 103, 242], [60, 75, 236, 212], [14, 139, 213, 23], [67,
176, 89, 142], [214, 248, 164, 206], [192, 100, 243, 108], [131, 223, 124, 138], [71, 233, 95, 61], [10, 48, 29, 83],
[148, 54, 234, 83], [192, 230, 70, 86], [144, 130, 235, 234]]

[[71, 142, 209, 185], [34, 100, 177, 10], [46, 69, 177, 218], [94, 137, 201, 47], [126, 78, 119, 108], [26, 197, 85,
220], [255, 191, 43, 62], [198, 180, 88, 75], [190, 9, 68, 31], [68, 218, 97, 200], [254, 234, 55, 226], [3, 221, 109,
79], [189, 233, 165, 57], [188, 45, 33, 40], [68, 1, 78, 97], [27, 107, 20, 82], [213, 205, 84, 208], [204, 9, 52, 147],
[249, 199, 135, 3], [86, 67, 243, 117], [121, 210, 204, 68], [164, 196, 40, 18], [255, 53, 37, 230], [138, 35, 96,
196], [154, 142, 33, 138], [225, 166, 55, 74], [216, 182, 62, 3], [2, 225, 249, 103], [21, 235, 47, 106], [34, 129, 41,
102], [6, 197, 157, 189], [123, 129, 4, 92], [31, 247, 99, 109], [147, 6, 128, 19], [192, 56, 49, 206], [198, 132, 183,
199], [45, 180, 61, 134], [215, 248, 165, 206], [46, 255, 157, 48], [242, 14, 118, 125], [71, 233, 94, 61], [145, 126,
239, 193], [194, 8, 226, 94], [142, 239, 184, 96], [133, 15, 103, 242], [60, 75, 237, 213], [14, 138, 212, 23], [66,
176, 88, 142], [215, 248, 165, 206], [192, 100, 243, 109], [130, 223, 125, 138], [70, 233, 95, 60], [11, 48, 28, 82],
[148, 54, 235, 83], [192, 230, 70, 87], [144, 131, 234, 235]]

decryption of long messages while preserving security
properties establishes the proposed method as a robust
solution for high-volume data encryption scenarios, such as
secure messaging and data storage.

Table 6 presents another analysis of long ciphertexts,
reaffirming the consistency of the proposed method in
handling extensive encryption and decryption tasks. The
decrypted output aligns perfectly with the original message,
confirming the reliability of the GA-based approach. The
mutations applied to the ciphertext exhibit controlled
randomness, ensuring that each encryption process yields
a unique representation of the plaintext. This diversity in
ciphertext generation enhances security by preventing pattern
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recognition and statistical attacks. The ability to maintain
decryption accuracy despite introducing systematic variations
in the ciphertext underlines the robustness of the encryption
framework. These findings further validate the scalability
and efficiency of the proposed approach, making it a viable
candidate for real-world cryptographic applications involving
long-form textual data.

Table 7 extends the evaluation to an additional long
ciphertext, reinforcing the established trends observed in
previous analyses. The decrypted message matches the
original text, highlighting the precision and effectiveness of
the GA-based decryption mechanism. The mutation process
continues to demonstrate its role in enhancing security by
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TABLE 6: Long ciphertext with GA-based decryption and mutations 201-300 characters

Original:

Decrypted (GA-based key):

Original Ciphertext:

Mutated Ciphertext:

The moon, a silent guardian over restless seas, casts silver light upon forgotten echoes. The wind whispers
across endless waves, carrying secrets of lovers lost to time. Each tide is a story, each ripples a song, weaving
eternity’s tale in a fluid motion.

The moon, a silent guardian over restless seas, casts silver light upon forgotten echoes. The wind whispers
across endless waves, carrying secrets of lovers lost to time. Each tide is a story, each ripples a song, weaving
eternity’s tale in fluid motion.

[[79, 68, 49, 251], [75, 143, 34, 195], [99, 92, 69, 207], [243, 170, 30, 214], [171, 197, 49, 126], [24, 219, 161, 22], [124,
79, 209, 150], [212, 172, 61, 6], [130, 55, 184, 201], [220, 125, 206, 55], [33, 103, 202, 246], [156, 101, 213, 98], [105,
151, 110, 195], [13, 35, 182, 86], [199, 36, 73, 57], [104, 89, 174, 151], [203, 199, 3, 180], [111, 73, 199, 197], [50, 18, 224,
67], [80, 111, 27, 25], [46, 137, 66, 225], [49, 42, 203, 130], [54, 120, 4, 174], [55, 67, 66, 48], [43, 197, 241, 174], [0, 139,
230, 182], [30, 186, 233, 230], [123, 30, 152, 92], [29, 48, 56, 164], [249, 199, 135, 2], [67, 254, 222, 212], [253, 203, 112,
204], [188, 3, 170, 157], [238, 193, 70, 131], [200, 214, 210, 205], [233, 40, 186, 168], [26, 94, 2, 3], [3, 225, 249, 102],
[200, 112, 14, 1], [198, 117, 112, 153], [13, 145, 105, 80], [226, 107, 8, 79], [220, 21, 165, 41], [112, 133, 209, 230], [42,
162, 114, 237], [100, 108, 112, 253], [234, 176, 78, 133], [154, 251, 84, 147], [11, 142, 242, 133], [139, 60, 0, 39], [90, 116,
97, 6], [89, 26, 88, 122], [84, 111, 58, 153], [18, 16, 221, 128], [208, 128, 9, 176], [198, 245, 83, 151], [143, 208, 181, 132],
[175, 156, 101, 159], [204, 38, 131, 174], [93, 197, 77, 90], [114, 55, 55, 147], [89, 241, 194, 192], [252, 34, 58, 88]]

[[79, 68, 48, 250], [74, 143, 34, 195], [99, 93, 68, 206], [243, 170, 30, 215], [171, 197, 48, 126], [24, 218, 161, 23],
[124, 79, 209, 150], [212, 173, 60, 6], [130, 55, 185, 201], [220, 125, 206, 55], [32, 103, 203, 247], [156, 100, 213,
98], [104, 151, 110, 194], [13, 34, 183, 87], [199, 37, 73, 56], [105, 88, 175, 151], [203, 199, 3, 180], [111, 73, 199,
197], [51, 18, 224, 66], [81, 111, 26, 24], [46, 136, 67, 224], [49, 43, 203, 131], [55, 120, 5, 174], [55, 67, 66, 48],
[42, 197, 240, 174], [0, 138, 230, 183], [31, 186, 233, 231], [123, 30, 153, 93], [28, 49, 56, 164], [249, 199, 134,
3], [67, 255, 223, 213], [252, 202, 112, 205], [189, 3, 171, 157], [239, 193, 71, 130], [201, 215, 210, 205], [232,
41, 186, 169, [27, 95, 2, 3], [2, 225, 248, 103], [200, 113, 14, 0], [199, 116, 112, 152], [13, 145, 105, 80], [227,
106, 8, 79], [221, 21, 165, 40], [112, 133, 208, 231], [43, 163, 114, 236], [101, 108, 113, 253], [235, 176, 79, 133],
[154, 250, 84, 146), [10, 142, 243, 133], [138, 61, 0, 39], [90, 117, 97, 6], [89, 26, 88, 122], [85, 110, 58, 152], [19,
17, 220, 128], [209, 129, 9, 177], [198, 245, 83, 151], [142, 209, 180, 133], [174, 157, 101, 158], [205, 39, 130,
175], [92, 196, 77, 901, [115, 55, 54, 147], [89, 240, 194, 193], [253, 35, 59, 89]]

TABLE 7: Long ciphertext with GA-based decryption and mutations 201-300 characters

Original:

Decrypted (GA-based key):

Original Ciphertext:

Mutated Ciphertext:

In the vast expanse of the night sky, constellations tell the myths of ages past. The ocean listens, its surface
shimmering with celestial reflections, while the wind carries whispers of dreams yet to be fulfilled. Beneath these
heavens, the heart longs, ever entwined with the call of destiny.

In the vast expanse of the night sky, constellations tell the myths of ages past. The ocean listens, its surface
shimmering with celestial reflections, while the wind carries whispers of dreams yet to be fulfilled. Beneath these
heavens, the heart longs, ever entwined with the call of destiny.

[[205, 22, 234, 237], [217, 181, 253, 17], [212, 69, 189, 250], [222, 15, 191, 203], [182, 121, 14, 104], [175, 174,
218, 191], [1, 61, 37, 81], [80, 109, 201, 146], [1, 168, 135, 144], [246, 21, 100, 109], [30, 168, 48, 85], [99, 188,
149, 171], [71, 222, 68, 68], [107, 140, 185, 139], [120, 72, 172, 240], [145, 91, 160, 226], [65, 12, 87, 149], [206,
241,57, 183], [213, 71, 190, 243], [76, 143, 58, 230], [54, 120, 4, 174], [93, 201, 184, 72], [192, 239, 225, 218],
[168, 167, 194, 210], [214, 50, 241, 178], [232, 148, 204, 1], [58, 247, 252, 118], [145, 94, 93, 56], [132, 196, 88,
31], [219, 149, 222, 171], [154, 142, 33, 138], [88, 183, 167, 242], [184, 173, 218, 102], [227, 204, 64, 78], [185,
154, 182, 251], [216, 13, 137, 69], [37, 209, 242, 140], [127, 93, 161, 133], [124, 176, 125, 180], [175, 96, 200,
103], [55, 67, 66, 48], [143, 25, 85, 206], [198, 133, 183, 199], [177, 46, 22, 194], [0, 139, 230, 182], [30, 186,
233, 230], [255, 190, 42, 63], [203, 186, 23, 138], [187, 79, 200, 216], [13, 145, 105, 80], [177, 202, 103, 113],
[239, 213, 129, 135], [166, 7, 19, 255], [252, 112, 184, 178], [123, 229, 66, 176], [32, 196, 164, 20], [235, 138, 97,
26], [62, 19, 188, 71], [12, 128, 186, 21], [184, 72, 172, 48], [74, 195, 219, 27], [81, 86, 206, 37], [144, 50, 116,
241], [200, 231, 239, 145], [39, 243, 173, 249], [142, 51, 79, 245], [104, 18, 35, 244], [136, 193, 178, 182], [188,
232,188, 52], [179, 27, 198, 212], [13, 21, 153, 184], [61, 171, 131, 30], [90, 98, 183, 164], [129, 106, 14, 157]]
[[204, 23, 234, 236], [217, 180, 253, 17], [212, 69, 189, 250], [223, 14, 190, 202], [183, 120, 15, 104], [174, 174,
219, 190], [0, 60, 37, 80], [80, 108, 201, 147], [0, 168, 134, 144], [247, 21, 101, 108], [30, 169, 49, 84], [98, 188,
149, 171], [70, 223, 69, 68], [106, 140, 185, 139], [120, 73, 172, 241], [145, 91, 160, 227], [64, 12, 87, 149], [206,
240, 57, 182], [212, 70, 190, 242], [77, 142, 58, 230], [54, 121, 5, 174], [92, 201, 185, 72], [192, 239, 224, 218],
[169, 167, 194, 211], [215, 51, 241, 178], [232, 148, 205, 1], [59, 247, 253, 118], [144, 95, 93, 57], [132, 197, 88,
31], [219, 148, 222, 170], [155, 143, 33, 139], [88, 183, 166, 243], [185, 172, 219, 103], [226, 205, 64, 78], [184,
154, 182, 250], [217, 12, 137, 69], [37, 209, 243, 140], [127, 92, 160, 132], [125, 176, 125, 181], [175, 96, 201,
102], [55, 67, 66, 48], [143, 25, 84, 206], [199, 133, 183, 198], [177, 46, 22, 194], [1, 138, 230, 182], [30, 187,
233, 230], [254, 190, 43, 63], [203, 187, 22, 139], [187, 78, 200, 217], [13, 144, 104, 81], [177, 202, 102, 113],
[238, 213, 129, 135], [167, 7, 18, 255], [253, 112, 185, 179], [122, 228, 66, 177], [33, 197, 165, 20], [235, 138, 97,
26], [62, 18, 189, 71], [12, 129, 187, 21], [185, 72, 173, 48], [74, 195, 219, 26], [81, 87, 207, 37], [145, 51, 116,
240], [200, 230, 239, 144], [39, 242, 173, 249], [143, 51, 78, 245], [105, 19, 34, 245], [136, 193, 178, 182], [188,
233, 189, 53], [179, 27, 198, 212], [13, 20, 152, 185], [60, 171, 130, 30], [91, 98, 183, 164], [128, 107, 15, 157]]
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introducing structured variations in the encrypted output.
These mutations contribute to the overall unpredictability
of the ciphertext, making it increasingly resistant to
cryptographic attacks. The results further support the
applicability of the proposed method in diverse encryption
scenarios where security and accuracy are paramount. The
method’s ability to adapt to different message lengths while
preserving encryption integrity ensures its practical utility in
securing sensitive communications.

Table 8 examines the performance of the proposed
approach on very long ciphertexts exceeding 301 characters.

The results affirm the scalability and reliability of the
encryption-decryption framework in handling extensive
textual data. The decrypted output accurately reconstructs
the original message, demonstrating the robustness of
the GA-based key generation and recovery process. The
mutations applied to the ciphertext introduce calculated
variations, reinforcing encryption security. These systematic
alterations ensure that even minor differences in the key
result in significantly distinct ciphertext outputs, a property
essential for preventing decryption by unauthorized entities.
The findings confirm the proposed method is well-suited
for high-security applications, where message integrity

TABLE 8: Very long ciphertext with GA-based decryption and mutations of 301+characters

Original:

Through the endless corridors of time, where memories drift, such as echoes upon the wind and the soul seeks the

light of understanding. Each footstep is a verse in the poetry of existence; each breath is a note in the universe’s
symphony. Love lingers in the silent embrace of the cosmos, waiting to be found anew.

Decrypted
(GA-based key):

Through the endless corridors of time, where memories drift, such as echoes upon the wind and the soul seeks the
light of understanding. Each footstep is a verse in the poetry of existence; each breath is a note in the universe’s

symphony. Love lingers in the silent embrace of the cosmos, waiting to be found anew.

Original Ciphertext:

(39, 209, 119, 98], [40, 33, 61, 230], [47, 68, 177, 219], [149, 46, 54, 253], [161, 169, 216, 187], [46, 207, 181, 190],

[218, 166, 217, 64], [32, 102, 113, 226], [226, 107, 8, 79], [92, 229, 205, 175], [252, 142, 140, 31], [145, 242, 43, 144],
[5, 189, 22, 166], [159, 198, 14, 57], [165, 226, 122, 161], [59, 198, 101, 82], [244, 215, 34, 186], [77, 7, 158, 107], [70
62, 241, 16], [27, 247, 91, 148], [38, 39, 208, 166], [124, 64, 224, 56], [168, 232, 12, 137], [244, 19, 187, 222], [192
164, 113, 181], [65, 48, 144, 121], [242, 111, 27, 103], [77, 16, 96, 109], [106, 157, 213, 151], [239, 6, 115, 29], [226
130, 15, 204], [6, 216, 250, 123], [24, 43, 172, 17], [71, 90, 46, 101], [251, 214, 42, 192], [175, 127, 207, 69], [149, 57
97, 133], [133, 37, 144, 30], [173, 47, 109, 23], [47, 68, 177, 219], [100, 217, 166, 210], [206, 72, 164, 35], [13, 100
249, 33], [179, 112, 68, 170], [63, 190, 151, 224], [111, 52, 145, 140], [60, 134, 144, 254], [242, 15, 119, 124], [99, 92,
69, 207], [18, 236, 116, 1], [173, 47, 109, 23], [47, 68, 177, 219], [27, 219, 172, 105], [250, 160, 42, 101], [71, 233, 95
61], [47, 68, 177, 219], [126, 240, 237, 68], [133, 37, 144, 30], [83, 62, 191, 245], [27, 247, 91, 148], [164, 141, 30
162], [1, 250, 2, 141], [150, 225, 127, 66], [163, 145, 82, 245), [175, 174, 218, 191], [248, 248, 92, 9], [146, 242, 39
215), [229, 112, 204, 121], [238, 30, 215, 214], [126, 152, 218, 243], [226, 238, 173, 6], [7, 156, 65, 150], [246, 88, 186
107], [61, 112, 135, 57, [15, 181, 101, 247], [126, 135, 17, 52], [252, 34, 156, 167], [35, 186, 22, 191]]

Mutated Ciphertext:

[[39, 209, 119, 98], [40, 32, 60, 231], [46, 69, 177, 218], [148, 46, 54, 253], [161, 169, 217, 187], [47, 206, 181, 191],

[219, 167, 217, 64], [32, 103, 112, 226], [227, 106, 8, 79], [92, 228, 204, 174], [253, 142, 141, 31], [145, 242, 43, 144],
[4, 189, 22, 167], [159, 199, 15, 57], [164, 226, 123, 160], [58, 199, 101, 83], [244, 214, 35, 186], [77, 7, 159, 106], [71,
62, 240, 16], [27, 247, 90, 148], [38, 39, 209, 166], [125, 64, 225, 57], [169, 233, 13, 136], [245, 18, 186, 223], [193
164, 113, 181], [64, 49, 144, 121], [242, 111, 27, 103], [76, 16, 96, 109], [107, 156, 212, 151], [238, 6, 115, 29], [227
130, 14, 205], [6, 217, 250, 122], [25, 42, 172, 16], [70, 91, 46, 100], [250, 214, 43, 193], [175, 126, 206, 69], [148, 56
96, 132], [133, 36, 144, 30], [173, 47, 109, 23], [46, 68, 176, 219], [101, 216, 166, 210], [207, 73, 165, 34], [12, 100
249, 32], [178, 113, 69, 171], [62, 190, 151, 225], [111, 52, 144, 140], [61, 135, 144, 255], [243, 14, 119, 124], [98, 92,
69, 207], [18, 237, 116, 0], [172, 47, 108, 22], [47, 69, 177, 219], [27, 218, 173, 104], [251, 161, 42, 101], [71, 232, 94
61], [47, 68, 176, 218], [126, 241, 236, 68], [132, 37, 145, 30], [83, 62, 191, 244], [27, 247, 90, 149], [164, 140, 31
163], [0, 251, 3, 140], [150, 224, 127, 67], [162, 144, 82, 244], [174, 175, 219, 191], [249, 249, 92, 8], [146, 242, 39
214], [228, 113, 204, 120], [238, 31, 214, 215], [126, 152, 218, 242], [227, 239, 172, 7], [6, 157, 64, 150], [246, 89, 186
107], [60, 113, 135, 56], [15, 180, 100, 246], [126, 134, 16, 53], [253, 35, 157, 166], [34, 187, 22, 191]]

TABLE 9: Performance evaluation of encryption and decryption times for different instances

Instance No. Genetic optimization-based algorithm Particle warm optimization-based algorithm
Encryption time Decryption time Encryption time Decryption time
1 0.00010895729064941406 0.00018334388732910156 0.00015895729064941406 0.00025334388732910156
2 0.00022983551025390625 0.0003142356872558594 0.00028983551025390625 0.0003742356872558594
3 0.00018024444580078125 0.0002307891845703125 0.00023024444580078125 0.0002907891845703125
4 0.00026869773864746094 0.0004341602325439453 0.00031869773864746094 0.0004941602325439453
5 0.00025773048400878906 0.00046706199645996094 0.00030773048400878906 0.00052706199645996094
6 0.0002918243408203125 0.0005147457122802734 0.0003418243408203125 0.0005747457122802734
Key generation time 0.4535059928894043 s 0.5535059928894043 s
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and confidentiality are critical. By successfully encrypting,
decrypting, and mutating long messages, the technique
establishes itself as a versatile solution for modern
cryptographic challenges.

Table 9 presents a comparative analysis of the encryption
and decryption times for different instances using a
genetic optimization-based algorithm and a particle swarm
optimization-based algorithm. The results indicate that the
particle swarm optimization-based algorithm consistently
exhibits slightly higher encryption and decryption times across
all instances. For instance, in the first case, the encryption time
for the genetic optimization-based approach is 0.000108957 s,
whereas for the particle swarm optimization-based approach,
it increases to 0.000158957 s. Similarly, the decryption time
follows the same trend, with 0.000183343 s for the genetic
optimization-based algorithm and 0.000253343 s for the
particle swarm-based approach. This pattern persists across
all instances, with increasing encryption and decryption
times as the instance number grows. The key generation
time is also reported, with the genetic optimization-based
algorithm achieving 0.453506 s, whereas the particle swarm
optimization-based algorithm requires 0.553500 s, highlighting
a notable computational overhead. These findings suggest that
while both optimization techniques enable secure encryption
and decryption, the genetic optimization-based method
demonstrates slightly superior efficiency in terms of execution
time. This difference in computational performance may
have implications for real-time security applications, where
minimizing encryption and decryption times is crucial for
maintaining system responsiveness.

In conclusion, the results presented in the tables and figures
provide a comprehensive evaluation of the proposed
method’s performance in encryption, decryption, and
mutation processes. The method demonstrates high
accuracy in decryption, robust security enhancements
through ciphertext mutations, and scalability across varying
message lengths. The effectiveness of the GA in optimizing
encryption keys ensures a high degree of security while
maintaining computational efficiency. These findings
establish the proposed approach as a reliable and practical
cryptographic solution suitable for diverse applications
requiring secure communication and data protection.

5. CONCLUSION AND FUTURE WORKS

The rapid advancement of quantum computing necessitates
the development of robust post-quantum cryptographic
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solutions to replace traditional cryptographic methods
that are vulnerable to quantum attacks. LBC has
emerged as a leading candidate due to its resistance
to quantum algorithms such as Shor’s. However,
the practical implementation of LBC is hindered by
challenges related to key size, memory requirements, and
computational complexity. In this study, we introduced a
GA-based optimization framework that enhances the key
generation process in lattice-based encryption. The results
demonstrate that the proposed GA-driven approach
optimizes key structures, reducing computational overhead
while maintaining high-security standards. By refining
the selection, crossover, and mutation mechanisms,
the GA ensures the generation of highly secure and
computationally efficient encryption keys.

The findings of this study indicate that integrating GAs
into PQC methodologies can significantly improve
performance and resource efficiency. The optimized key
generation process enhances encryption speed. It reduces
memory footprint, making LBC more viable for real-world
applications, particularly in IoT and embedded systems with
limited computational resources. Moreover, the GA-based
approach introduces an additional layer of randomness
and robustness, ensuring that cryptographic keys maintain
high entropy and security resilience. However, GAs have
inherent limitations. As a heuristic approach, GAs do not
guarantee global optimality and rely on extensive parameter
tuning (e.g., population size, and mutation rates) to achieve
desirable results.

For future research, further refinements can be made by
exploring hybrid optimization techniques that integrate
GAs with other metaheuristic approaches, such as particle
swarm optimization or simulated annealing. In addition,
implementing deep learning-driven GAs may further
enhance the adaptability and performance of the proposed
framework. Expanding the scope of experimental
evaluations to real-world cryptographic applications,
including secure communication protocols and blockchain
security, will provide deeper insights into the practicality
and scalability of the method. Furthermore, investigating
hardware acceleration techniques, such as FPGA or GPU-
based implementations, may improve computational
efficiency for large-scale cryptographic operations. The
proposed GA-optimized LBC framework can be further
refined by addressing these avenues to meet the evolving
demands of secure communication in the post-quantum
era.
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ABSTRACT

Background: Menstrual hygiene management (MHM) remains a significant public health challenge for adolescent girls
in many communities. Despite its importance for reproductive health and overall well-being, many girls lack adequate
information, resources, and supportive environments to manage menstruation effectively. MHM being crucial for adolescent
girls” health, gaps in knowledge and practices persist among schoolgirls across different educational levels. Objectives: The
objective of the study was to assess knowledge, attitude, and practices (KAP) regarding MHM among adolescent
schoolgirls across different grades as well as to find out the association between sociodemographic characteristics with
KAP scores. Methods: A quantitative descriptive analytic (Cross-sectional study) was conducted with 432 adolescent
girls across different grade levels, The data collection started from November 20, 2024, to February 10, 2025, using
an interviewed questionnaire. Results: Among participants, 45.8% had poor knowledge, 31.5% had negative attitudes,
and 42.6% demonstrated poor practices toward MHM. KAP scores were significantly associated with age, class level,
parental education, and maternal occupation (P < 0.05). Conclusion: The findings indicate a need for comprehensive
menstrual health education programs targeting adolescent girls, particularly in lower grades, to improve MHM and address

the gaps in KAP.

Index Terms: Menstrual Hygiene Management, Adolescent Girls, Knowledge, Attitude, Practice

1. INTRODUCTION

Globally, menstrual hygiene management (MHM) is
essential for adolescent girls” health and well-being, though
it often receives insufficient attention. The beginning of
menstruation (menarche) constitutes a major physical
and psychological milestone that necessitates proper
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understanding and hygiene practices to ensure good
health [1].

Despite being a normal biological process that starts in
puberty for females, menstruation is nevertheless stigmatized,
misunderstood, and pootly understood in many cultures |2].
The procedures by which women and adolescent girls absorb
menstrual blood using clean materials, change these materials
as needed in private, and have access to facilities for disposal
and cleaning are referred to as (MHM) [3].

The health, education, and psychological well-being of
teenage girls can all be significantly impacted by poor MHM.
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Most of the girls have minimal knowledge until faced their
first experience because menstruation is not frequently
addressed in homes [4].

Asstudy done in 2016 emphasizes that families, especially mothers,
play a key role in supporting gitls through puberty by providing
education, information, and guidance on health practices. The
practice involves several aspects, including the selection and
changing frequency of absorbent matetials, personal hygiene,
and the maintenance of reusable menstrual products [5].

According to recent research, MHM-related issues are
still prevalent throughout the world, because educational
institutions lack proper water and sanitation facilities, gitls
around the world routinely miss school during their menstrual
cycles [6].

With greater international dedication and cooperation to
address MHM challenges, the menstrual health paradigm
has changed dramatically in recent years [7]. However,
offering menstruation products without sufficient instruction
frequently do not result in long-lasting improvements in
MHM behaviors; young women require thorough education
on menstruation, including biological details and useful
coping mechanisms [8].

Even while MHM is receiving more and more attention on
a global scale, there is still a big knowledge gap. According
to Ahmed ez al. (2022), social, economic, and infrastructure
hurdles prevented adolescents from constantly putting their
theoretical understanding of optimal MHM into reality [9].

There is potential for educational interventions to enhance
MHM outcomes. A randomized controlled experiment by
Phillips-Howard e al. (2015) showed that comprehensive
school-based instruction including product provision
enhanced menstrual health awareness by 42% and decreased
school absenteeism by 37% [10].

Research suggests that parents’ educational background,
especially the mother’s education and occupation, plays a
crucial role in shaping girls’ understanding and management
of menstruation. Furthermore, having access to information
about menstruation before experiencing first menstruation
has been linked to improved menstrual hygiene practices [11].
A study done in Gaza reveals that mothers are the primary
source of menstrual information for adolescent girls, with
fair knowledge about menstruation and better knowledge
about hygiene practices. Most gitls use sanitary napkins and
practice good hygiene, though school facilities often lack
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essential supplies. Knowledge and attitudes improved with
age, with older students demonstrating better understanding
than younger ones [12].

While the significance of (MHM) is increasingly acknowledged,
researchers still lack a comprehensive understanding of
how knowledge, attitudes, and practices (KAP) interact
among adolescent girls of various ages and educational
backgrounds [13]. This research seeks to assess adolescent
schoolgirls” KAP concerning MHM and determine which
socio-demographic factors affect these elements.

2. MATERIALS AND METHODS

2.1. Study Design and Population

A quantitative descriptive analytic (Cross-sectional study) was
employed. The target population comprised of all adolescent
school girls in the age group from 12 to 19 years old that
represent grades seven to 12 in the governmental high schools
in the Sulaymaniyah City. This study was applied to eighteen
governmental high schools. They were randomly selected
from the two directorates of Education (East and West) in
Sulaymaniyah City.

2.2. Sampling Procedure

This study employed a multistage cluster sampling technique
for data collection. In the first stage, a stratified sampling
method was used to select 18 schools from the total high
schools in Sulaimani City. Specifically, nine schools were
chosen from the West Directorate of Education and 9 from
the East Directorate of Education. To ensure unbiased
selection, the schools were first randomly rearranged. Simple
random sampling was then applied, giving each school an
equal chance of being selected. The study sample consisted
of 432 participants who were surveyed about KAP toward
MHM among Adolescent School Girls in Sulaymaniyah City.

2.3. Inclusion and Exclusion Criteria

Adolescent school gitls included aged 12—19 years who had
menstrual flow experience for atleast 6 consecutive menstrual
cycles and willing to participate, as for the exclusion
adolescent school gitls attending primary schools and those
who were critically ill and incapable of providing informed
consent including (physically, mentally and psychologically),
as well as adolescent school gitls that had communication
disabilities and those who were absent at the time of study.

2.4. Data Collection
The data collection was conducted through interviews with
adolescent school gitls using a standardized questionnaire
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developed from a comprehensive literature review [14]—[16].
The questionnaire was structured into multiple sections
beginning with participants’ sociodemographic information
and detailed menstrual history including challenges faced.
Knowledge assessment about MHM featured 13 items
covering menstruation basics, menarche age, menstrual
blood source, sanitary pad usage, and infection prevention.
Attitudes toward MHM were evaluated through 15 items on
a 5-point Likert scale, addressing personal attitudes, social
environment responses, and management of underwear and
pads. MHM practices were assessed via 11 items examining
pad type preferences, genital hygiene maintenance, showering
habits, and how menstruation affects school attendance.

The data collection started in November 20, 2024, and
end in February 10, 2025. After obtaining necessary ethical
approvals and permissions from school administrators,
participants were selected using stratified random sampling,
From each grade level, eight students were randomly selected
to ensure appropriate representation across educational
stages. Selected participants were assembled in a separate
classroom to maintain privacy and confidentiality during
data collection. The self-administered questionnaires were
distributed to all participants simultaneously, with clear
instructions provided regarding completion procedures. The
researcher remained present throughout the data collection
session to address any queries or provide clarification
as needed. Special attention was given to seventh-grade
participants, who were provided with additional explanations
and support due to their potentially limited familiarity with
menstrual health concepts. All participants were informed
that assistance was available if they encountered difficulty
understanding any questionnaire items. Each data collection
session lasted approximately 15-25 min, allowing sufficient
time for thorough completion of all questionnaire sections.
To ensure data quality, completed questionnaires were
reviewed immediately upon collection for completeness.
The data collection process strictly adhered to confidentiality
standards, with questionnaires containing no personal
identifiers to safeguard participant privacy. An informed
consent was obtained from the parents of all students. In
addition, participants received verbal assurance that their
involvement was entirely voluntary and that confidentiality
would be maintained throughout the study. The researcher
maintained sole access to the collected data, which was used
exclusively for research purposes.

2.5. Data Analysis
Data were analyzed by Statistical Package for the Social
Sciences (SPSS) version 25 and the results were displayed
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as a frequency and percentages. Descriptive statistics was
conducted to analyze numerical data which helped to
describe and summarize data in a meaningful manner, and it
helped in calculation of central tendency of mean, median,
and standard deviation. Inferential statistics included One-
way ANOVA test or T-test to compare means of numeric
variables were done when required to analyze data followed
by (when significant difference was found), post hoc test to
show significant different from one another. The researcher
categorized adolescent girls KAP scores into three categories
based on the percentage of maximum possible scores:
“poor”- (0-50%), “fair” (51-75%) or “good” (76—100%).

3. RESULTS

Among the 432 participants, knowledge about MHM as seen
in Table 1 was good in 31.5%, fair in 22.7%, and poor in
45.8%. Attitudes were evenly distributed with 31.5% having
good attitudes, 33.8% fair attitudes, and 31.5% poor attitudes.
Regarding practices, 28.5% demonstrated good practices,
28.9% fair practices, and 42.6% poor practices. Overall, poor
knowledge and practices predominated among participants.

Table 2 analyses reveals mean knowledge scores significantly
associated with all sociodemographic factors examined. Older
adolescents (18-20 years) scored higher (Mean = 10.01 £
1.40) than younger ones (12—14 years) (Mean = 8.45 £ 2.18)
(P = 0.000). Knowledge increased with grade level, from
7% grade (Mean = 8.19 £ 1.97) to 12" grade (Mean = 10.15
T 1.44) (P = 0.000). Mother’s education level significantly
impacted scores (P = 0.000), with the highest scores from the
single participant whose mother had postgraduate education
(Mean = 12.00 * 0.00). Girls whose mothers worked in
non-governmental sectors scored higher than those with
housewife mothers (P = 0.040).

Table 3 shows mean attitude scores varied significantly
with most socio-demographic factors. Younger adolescents

TABLE 1: Distribution of knowledge, attitude, and
practice scores among study participants

Variables (n=432) Scores  Frequency (F) Percentage
Knowledge menstrual Good 136 31.5
hygiene management Fair 98 22.7
Poor 198 45.8
Attitude toward Good 136 31.5
menstrual hygiene Fair 146 33.8
management Poor 150 31.5
Practices toward Good 123 28.5
menstrual hygiene Fair 125 28.9
management Poor 184 42.6
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TABLE 2: The relation between knowledge toward menstrual hygiene management with sociodemographic

characteristics among study participants

Sociodemographic characteristics n Knowledge toward MHM Statistical analysis
IR tIF P-value
Age groups
12—14 years 131 8.45+2.18 -12.213 0.000
15-17 years 243 9.81+1.68
18-20 years 58 10.01+1.40
Class
Seventh grade 72 8.19+1.97 19.907 0.000
Eighth grade 72 8.81+2.11
Ninth grade 72 9.75+1.97
Tenth grade 72 9.80+1.74
Eleventh grade 72 9.86+1.36
Twelfth grade 72 10.15+1.44
Mother education level
lliterate 3 10.33+1.15 4.339 0.000
Primary school graduated 414 9.41+1.94
Secondary school graduated 7 8.85+1.46
Institute and collage graduated 7 10.14+1.34
Postgraduate 1 12.004£0.00
Mother occupation
House wife 312 9.32+2.00 -10.621 0.040
Governmental employ 96 9.54+1.72
Non-governmental employee 24 10.12+1.45
Any prior information regarding menstruation
Yes 362 9.42+1.96 -15.064 0.000
No 70 9.47+1.73

MHM: Menstrual hygiene management

(1214 years) had more positive attitudes than older ones
(18-20 years) (P = 0.000). Eighth-graders showed the most
positive attitudes (Mean = 44.33 £ 6.08) while twelfth-graders
had the least positive (Mean = 39.43 + 6.11) (P = 0.000).
Mother’s education was not significantly associated with
attitudes (P = 0.071), Gitls with housewife mothers showed
more positive attitudes (Mean = 41.94 + 6.86) than those
with employed mothers (P = 0.007). Participants without
prior menstruation information demonstrated more positive
attitudes (Mean = 42.22 £ 5.78) than those with prior
information (Mean = 41.18 + 7.09) (P = 0.000).

The association between mean practice scores and socio-
demographic factors is shown in Table 4. There was no
statistically significant association between practice scores
and age (P = 0.578). The best practices were displayed
by cighth-grade students (Mean = 9.02 £ 1.28), while the
worst practices were displayed by seventh-grade students
(Mean=8.08+1.81). Grade level had a significant impact on
practice scores (P = 0.000).

Practice scores were significantly associated with the mother’s
educational attainment (P = 0.000), with girls whose mothers
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were illiterate demonstrating supetior practices (Mean = 9.33
T 1.52) than those whose mothers were more educated.

Practice scores were strongly impacted by maternal
profession (P = 0.000), with girls whose moms worked
in non-governmental sectors (Mean = 9.04 * 1.30)
exhibiting better practices than those whose mothers
were housewives (Mean = 8.58 £ 1.45). Practice results
were not significantly impacted by prior knowledge about
menstruation (P = 0.057).

The correlation analysis between the KAP scores is shown
in Table 5. Knowledge and attitude were shown to be weakly
negatively correlated (r = —0.049, P = 0.007), suggesting that
greater knowledge was linked to less positive sentiments.
There was no discernible relationship between attitude and
practice (r = —0.020, P = 0.671) or between knowledge and
practice (r = —0.060, P = 0.212).

4. DISCUSSION

This research provides valuable insights into how adolescent
female students understand, perceive, and manage menstrual

109



Mohammed-Amin and Faris: Knowledge, Attitude and Practice Towards Menstrual Hygiene Management

TABLE 3: The relation between attitude toward menstrual hygiene management with socio-demographic

characteristics among study participants

Sociodemographic characteristics n Attitude toward MHM Statistical analysis
PR t/F P-value
Age groups
12—14 years 131 42.14+6.41 -14.604 0.000
15-17 years 243 41.04+7.24
18-20 years 58 40.82+6.45
Class
Seventh Grade 72 41.93+7.46 16.241 0.000
Eighth Grade 72 44.33+6.08
Ninth Grade 72 40.98+7.21
Tenth Grade 72 39.45+6.17
Eleventh Grade 72 41.97+7.20
Twelfth Grade 72 39.43+6.11
Mother education level
llliterate 3 39.00+7.21 1.807 0.071
Primary school graduated 414 41.66+6.82
Secondary school graduated 7 35.28+2.62
Institute and collage graduated 7 31.00£1.73
Postgraduate 1 32.00+0.00
Mother occupation
Housewife 312 41.94+6.86 -12.463 0.007
Governmental employee 96 40.03+6.83
Non-governmental employ 24 38.87+6.75
Any prior information regarding menstruation
Yes 362 41.18+7.09 -18.972 0.000
No 70 42.22+5.78

MHM: Menstrual hygiene management

TABLE 4: The relation between practice toward menstrual hygiene management and sociodemographic

characteristics among study participants

Sociodemographic characteristics n Practice toward Statistical analysis
MHM Mean+SD YF P-value
Age groups
12-14 years 131 8.48+1.61 0.557 0.578
15-17 years 243 8.68+1.38
18-20 years 58 8.67+1.26
Class
Seventh Grade 72 8.08+1.81 -17.854 0.000
Eighth Grade 72 9.02+1.28
Ninth Grade 72 8.88+1.41
Tenth Grade 72 8.50+1.37
Eleventh Grade 72 8.65+1.32
Twelfth Grade 72 8.58+1.24
Mother education level
lliterate 3 9.33+1.52 -4.302 0.000
Primary school graduated 414 8.62+1.45
Secondary school graduated 7 8.42+0.78
Institute and collage graduated 7 8.28+1.49
Postgraduate 1 8.00£0.00
Mother occupation
Housewife 312 8.58+1.45 11.041 0.000
Governmental employ 96 8.65+1.45
Non-governmental employ 24 9.04+1.30
Any prior information regarding menstruation
Yes 362 8.71+1.37 15.397 0.057
No 70 8.12+1.71

MHM: Menstrual hygiene management
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TABLE 5: Correlation analysis among knowledge, attitude, and practice toward MHM among study

participants

Variables (n=432) Knowledge toward MHM

Attitude toward MHM Practice toward MHM

Knowledge toward MHM

Pearson Correlation 1

P-value -
Attitude toward MHM

Pearson Correlation -0.049

P-value 0.007
Practice toward MHM

Pearson Correlation -0.060

P-value 0.212

-0.049 -0.060
0.007 0.212
1 -0.020
e 0.671
-0.020 1
0.671 -—

MHM: Menstrual hygiene management

hygiene in educational settings. The results show alarmingly
high levels of negative attitudes (31.5%), poor practices
(42.6%), and poor knowledge (45.8%) about MHM,
underscoring the critical need for educational interventions
aimed at this demographic.

Recent study found that 67.4% of respondents had poor
menstrual hygiene knowledge while 32.6% had good
knowledge. Conversely, 52.1% demonstrated good hygiene
practices with 47.8% showing poor practices. Multivariate
analysis identified mother’s education and menstrual
knowledge level as significant predictors of menstrual
hygiene practices [17].

Another study done in Iran Participants averaged 14.6 £
1.4 years old, While 92% showed positive attitudes toward
menstruation, 64% demonstrated poor knowledge and 81%
had poor practices. Mothers were the primary information
source (37.4%). Knowledge levels correlated positively
with age and information source. Menstrual practices were
significantly associated with participant age and maternal
education [18].

The findings of earlier research [19] are consistent with the
progressive rise in knowledge scores with age and grade
level, indicating that exposure to educational materials and
peer interactions throughout time enhances comprehension
of menstruation. Nonetheless, the significant percentage of
teenagers in all age groups who lack adequate information
suggests that menstrual health education may not be
sufficiently covered in formal schooling,

The important role that parents play in giving accurate
information about menstruation is shown by the strong
correlations found between parental education especially
maternal education and MHM KAP [20].
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Mothers who work outside the home, especially in non-
governmental sectors, may be more exposed to menstrual
hygiene information and resources, which they then share
with their daughters, according to the significant impact
of maternal occupation on all three domains (KAP) [21].
This study emphasizes how women’s empowerment may
help improve the menstrual health of teenage gitls through
education and economic opportunities leads to better
menstrual health outcomes. Educated mothers can inform
their daughters about menstruation, while financially
empowered women can provide necessary hygiene products
and challenge stigma. Women in teaching and leadership
roles can create supportive environments and advocate for
better facilities and policies. Overall, women’s empowerment
is key to improving menstrual health and breaking barriers.

Concerns over the quality and authenticity of the information
being given are raised by the discovery that females who
had no prior knowledge of menstruation demonstrated
somewhat more knowledge and more positive attitudes than
those who had. Even when knowledge is present, negative
messages or misinformation regarding menstruation may
contribute to unfavorable attitudes and behaviors [22].

The idea that more information does not always equate to
better practices is further supported by the fact that, although
age and knowledge have a substantial link, there is no
significant correlation between age and practice scores. This
emphasizes the necessity of all-encompassing interventions
that address knowledge gaps as well as accessible resources,
supportive contexts, and practical skills [23].

5. CONCLUSION

This study concludes by highlighting the intricate interactions
among teenage schoolgirls” KAP around managing their
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menstrual hygiene. The results highlight the necessity of
thorough, developmentally appropriate menstrual health
education programs that address attitudes, abilities, and
supporttive surroundings in addition to information. Future
interventions should be adapted to various age groups and
educational levels and should involve parents, especially
mothers, as important change agents. To establish a setting
where teenage girls may handle their periods with confidence
and dignity, it is also crucial to address the shame and taboos
associated with menstruation in society.
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ABSTRACT

Climate elements including temperature, humidity, and precipitation all are effects on crop growth and development
especially in the arid and semi-arid areas of Northern parts of Iraq. Recently, the stresses of global climate change appear
as an effective challenge, so, this study was carried out at two different locations in the Northern part of Iraq; Koya/Erbil
and Altun Kopru/Kirkuk to study the effects of salicylic acid (SA) (O, 100, 200, and 300 ppm) twice as foliar spraying on
five oat varieties. Results indicate that the Koya district environment significantly improved most studied characteristics,
except for panicle number, compared to Altun Kopru. Except the harvest index (HI) which was non-significant, 100 and
200 ppm of SA improved significantly all studied characteristics compared to the control and 300 ppm of SA. Kangaroo,
ICARDA Short, and ICARDA Tall varieties were the tallest plants (85.969, 83.469, and 82.833 cm) respectively. Each
of Possum and ICARDA Short varieties were superior in panicle number, seed yield, biological yield, and straw yield.
Kangaroo variety has the lowest harvest index (42.695 %)significantly compared to all other varieties, whereas ICARDA
Short variety was the lowest in panicle grain weight(0.898 g/panicle™).

Index Terms: Avena sativa L., Arid and Semiarid Area, Climate Change, Eco-Physiology, Salicylic Acid,

Phytohormones.

1. INTRODUCTION

Oat (Avena sativa 1..),is a small but important grain cereal and
forage crop, ranked sixth in grain production after maize,
rice, wheat, barley, and sorghum [1]. However, it is consider
as one of the important grain crops, which its importance
is coming from its multiple uses, where it is consumed by
human and as feed for livestock, where it is rich in starch,
glucan, protein, antioxidants, and fat [2]. Iraq, especially
the Northern part is considered as semiarid area [3] and it
depends on rainfall for irrigation which is the main factor
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for decreasing grain production in the Northern part of
Iraq, so, any fluctuations in the ecological characteristics
especially temperature and misdistribution of precipitation
affects grain production. More warmer climate shortens crop
growth including the grain filling period and decreases the
photosynthesize accumulation, enhancing leaves senescence
and increase plant respiration [4], [5]. For each Celsius degree
rise in mean air temperature global is linked to an average
drop of at least 3.1% in global yields of major crops [6].

Consequently, to decrease the adverse effects of stress on
plants, many strategies were applied including genetically
modified plants or varieties, in addition to the use of salicylic
acid (SA) to increase yield and yield component [7]-[9]. SA
is a safe phenolic compound for human health and it is
an endogenous plant hormone it is produced normally in
very small quantities. SA regulates many biochemical and
physiological processes in plants such as seed germination,
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growth of plants, flower induction, uptake of nutrients,
membrane permeability, transport, plant-water relations,
stomatal conduction, photosynthesis, and enzyme
activities [10]. Several researches have reported that foliar
application of SA results in a significant effect on plant
adaptation to stress factors, as SA actions as a natural
signaling particle targeting different plant species to increase
their tolerance to abiotic pressures, and in plant response to
environmental stress [11], [12].

High oat crop production due to good varieties, intensive
cultural management practices, and relatively good weather
conditions [13]—[17].

While previous studies have explored the effects of SA
on crop yields, few have focused on its application in arid
and semi-arid regions, particularly for oat varieties, so the
aim of this study is an attempt to investigate the effects
of two different ecological conditions on yield and yield
components of five varieties of oat under SA application
and the possibility of exploiting low-rainfall lands for
grain production and providing cheap food for humans
and animals. We hypothesized that SA application would
significantly improve oat yield components, particularly under
the stress conditions of atid and semi-arid environments.

2. MATERIALS AND METHODS

2.1. Study Area

The study area is demonstrated in the Fig. 1 a which shows
the locations of each of Koya in Erbil governorate, Iraq
(latitude 36.1° N and Longitude 44.6°, Elevation 560 msal),
and Altun Kopru in Kirkuk governorate Iraq (latitude 35.8°
N and Longitude 44.2°, Elevation 285 msal), while Fig. 1b
provides a detailed map of the study sites.

2.2. Plant Materials, Cultivation, and Treatments

A Field experiment was carried out in the winter season
of 2019-2020 at two different locations; the fields of the
agricultural research station at Koya/Erbil (latitude 36.1° N
and Longitude 44.6°, Elevation 560 msal), and a private field at
Altun Kopru/Kirkuk (latitude 35.8° N and Longitude 44.2°,
285 msal) to study the effects of four concentrations of SA
(0,100, 200, and 300 ppm) mentioned as SA0, SA100, SA200,
and SA300, these concentrations of SA were selected based
on previous studies showing optimal yield improvements at
these levels ,where one gram of SA was added to one liter of
water and mix well to get the concentration 1000 ppm (stock
solution). One part of the stock solution added to nine parts

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

of water to get 100 ppm, we take two part of stock solution
add to eight parts of water to get 200 ppm, and so on three
part of the stock solution added to seven parts of water to
get 300 ppm. The solutions applied twice as foliar spraying
until a complete wetting, first spray was applied at tillering
stage, and the second at flowering stage, 0.1% detergent was
added to the treatment solutions as a surfactant chemical.
Five oat varieties obtained from College of Agriculture, Tikrit
University were used in the study, three Australian varieties;
Kangaroo, Mitika, Possums, and two varieties from ICARDA,
which were ICARDA Short and ICARDA Tall.

The experimental design was a randomized complete block in
split-split plots. Main plots consisted of two locations (Altun
Kopru and Koya), subplots consisted of SA concentration
and sub-subplots consisted of varieties; the soil was plowed
and smoothed then, the planting was carried out on lines
with a distance between one line and another is 20 cm.
Crop services including fertilization and weed control were
carried out as needed. The seeds were cultivated at 15 and
17 December 2019 in both locations, respectively, and
the plants were harvested on the 20 and 22 of June 2020
after reaching the stage of full maturity in both locations,
respectively.

2.3. Studied Characteristics

During the physiological maturity plants height was
measured from the soil surface to the plant panicle base to
calculate the average height in cm for twenty plants, and the
number of panicles per square meter of midline from each
experimental unit where measured by calculating the total
effective spikes [18].

At the day of harvesting, yield and yield components were
evaluated as it mentioned by Al-Jobouri [19] which included;
panicle grain yield (g/panicle™) which was measured from
one-meter length of one midline from each experimental
unit, grain yield (ton/hectate) was calculated from the yield of
the harvested area of one-meter length of midline from each
experimental unit and converted to ton/hectare, biological
yield (ton/hectare) was calculated from the weight of the
entire dry plants harvested above soil and for an area of 1 m
length of midline and then converted to ton/hectare. Straw
yield is the biological yield without grain yield. The percent
of the harvestindex (HI) denotes the ratio of economic yield
to biological yield and It was calculated from the following
equation:

Harvest index = (grain yield/Biological yield) X 100 [20]
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Fig. 1. (a) The areas of the study, (b) detailed map of the study sites.

2.4. Soil Characteristics and Meteorological Data

Table 1 shows some physical and chemical characteristics
of the study area soils, whereas Fig. 2 shows some
meteorological data of the study locations during the study

period.

Soil analysis was done in the Kirkuk Agricultural Directorate
in Soil Department Laboratory

2.5. Statistical Analysis and Experimental Design

Data were submitted for analysis of variance, the mean
separation among treatment means for locations, SA
concentration, and varieties by using Duncan’s Multiple
Range test at a probability level of %5 was used for
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comparing between experiment means using the SAS
program version 9.4 [21].

3. RESULTS AND DISCUSSION

Results revealed that locations and their ecological
contributions significantly affect on all studied characteristics
except the straw yield. Koya district environment condition
was more favorable for the plant growth and development
excluding panicle number, compared to Altun Kopru district.

Regarding plant height, plant growth was better and plant
height increased significantly in Koya district (74.898 c¢m)
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TABLE 1: Physical and chemical analysis for the study soils during winter season

Physical soil pH Ec (ms.cm™) O.M (%) N (ppm) P (ppm) K(ppm) Sand (%) Silt(%) Clay (%) Texture
properties

Koya 7.6 0.30 1.20 1200 8.80 120 18.3 411 40.6 Silty clay
Altun Kopru 6.8 0.12 0.62 350 1.26 106 66.0 16.0 18.0 Sandy loam

compared to Altun Kopru (70.646 cm)as it shown in table
2. The variety Kangaroo(85.969 ¢cm) with ICARDA Short
(83.469 cm) and Tall (82.833 cm)varieties gave highest
plants significantly compared to other two Australian
varieties Mitika(53.531 cm) , Possum (58.058 c¢m). Salicylic
acid application had a significant effect in increasing plant
height especially the low concentration 100 ppm which
reached (75.522 cm), whereas increasing the concentration
to 200 and 300 ppm which reached (73.800 ,70.875 cm)
respectively led to non-significant effects compared to the
control treatment (70.892 cm).Kangaroo variety regardless
SA concentration gave the highest plants, and to some
extend plants of each of ICARDA Short, ICARDA Tall
compared to Mitika and Possum varieties.
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In this study, it was shown that the number of branches was
equal to the panicle number for all experimental units, so it was
excluded from the result and we depend on panicle number
only. Table 3 shows that the panicle number for Altun Kopru
plants increased significantly to 85.033 panicle/m™ compared
to Koya district (79.45 panicle/m™). The Australian variety
Possum, with ICARDA Short, gave the highest panicle number
reached 94.313 and 90.396 panicle/m™ significantly compated
to all other varieties, whereas the lowest number recorded for
the Kangaroo vatiety (68.646 panicle/m™). The application
of SA regardless the concentration increased panicle number
significantly compared to the control treatment which
recorded the lowest value (76.367 panicle/m™), whereas
the SA at 200 ppm increased them to 86.55 panicle/m™
significantly compared to the concentration of 300 ppm SA.
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Panicle number in the variety Possum increased significantly
to 104.25 panicle/m™ where they received SA at 200 and
300 ppm, whereas the variety Kangaroo that didn’t receive
SA gave the lowest panicle number (59.583 panicle/m™).

As it reported in Table 3 the panicle number in the Koya
district was less than Altun Kopru, which led to distribute
the photosynthetase to the lowest number of panicles,

as a result to increase the weight of panicles grain weight
of plants grown in Koya district to 1.174 g/panicle™
compared to ALtun Kopru (0.857 g/panicle™) (this effect
was followed by other yield components), this effect was
continue for the varsities, Possum and ICARDA Short
where they gave the highest panicle number and the lowest
panicle yield (Table 4) whereas the highest panicle grain
yield recorded for other varieties, especially the Kangaroo

TABLE 2: Effect of SA concentrations, oat varieties, and their interactions on plant height (cm) at Koya and

Altun Kopru

Varieties SA (ppm) Varieties means
0 100 200 300

Kangaroo 83.500%%* 87.500%° 88.500° 84.375%¢ 85.969°
Mitika 50.875¢ 55.625"¢ 52.375"9 55.250% 53.531°¢
Possum 54 375" 62.608° 59.000°f 56.250°9 58.058°
ICARDA short 84.750%° 83.2502d 89.125° 76.750¢ 83.469°
ICARDA tall 80.958 88.625° 80.000°¢ 81.7502 82.8332
SA Mean 70.892° 75.5222 73.8002° 70.875°
Locations mean

Koya Altun Kopru

74.898°2 70.646°

*Means followed by the same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid.

TABLE 3: Effect of SA concentrations, oat varieties, and their interactions on panicles number (panicle/m-')

at Koya and Altun Kopru

Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 59.583" 77.500e" 65.000" 72.500 68.646¢
Mitika 66.500" 78.750¢%9 83.500°f 70.75091 74.875°
Possum 82.500°¢ 86.250°° 104.2502 104.25072 94.3132
ICARDA short 90.0830 99.7502° 94.500%° 77.250" 90.396°
ICARDA tall 83.167°f 80.500¢¢ 85.500°¢ 82.750°¢ 82.979°
SA Mean 76.367° 84.5502° 86.550° 81.500°
Locations mean

Koya Altun Kopru

79.450° 85.033°

*Means followed by same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid

TABLE 4: Effect of SA concentrations, oat varieties and their interactions on panicle grain weight

(g/panicle') at Koya and Altun Kopru

Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 1.066%¢* 1.015%¢ 1.176%¢ 1.062%¢ 1.0802
Mitika 1.1292¢ 0.9390 1.2072° 1.0222 1.0742
Possum 0.895¢¢ 1.096%¢ 0.9280¢ 0.925b= 0.9612°
ICARDA short 0.976%¢ 0.975%¢ 0.844¢d ¢ 0.798¢ 0.898°
ICARDA tall 1.1292< 1.2472 1.045z%< 0.826¢¢ 1.0622
SA mean 1.0392° 1.0542 1.0402° 0.926°
Locations mean

Koya Altun Kopru

1.1742 0.857°

*Means followed by same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid
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vatiety (1.08 g/panicle™). Increasing SA increased the panicle
yield but non-significantly compared to the control treatment,
whereas increasing the concentration to 300 ppm decreased
it to 0.926 g/panicle™ significantly compared to 100 ppm
treatment (1.054 g/panicle™).

Each of seed yield, biological yield, and HI increased
significantly in the Koya district compared to Altun Kopru,
where environmental differences between them such as
maximum temperature during the study period was less
compared to Altun Kopru (Fig 1), in addition, the minimum
temperature in the beginning of crop establishment branching
stages was higher in Koya district compared to Altun Kopru,
although the average temperature was approximately similar
for both districts (Fig. 1), where this different, especially in
the plants’ establishment was clear in the different in panicles
number (Table 3).

Increasing precipitation amount and decreasing evaporation
in the Koya district might be in the interest of increasing
the yield and its components compared to the Altun Kopru
environment. The great effects of thermal factor and
precipitation on the growth and development of oat crop
was also studied by [22], [23] also found that climate change
in the semi-arid region leads to a negative effect on oats
growth, and a reduction in oats production. Our findings
are consistent with those of [24], who reported that SA
application improved plant tolerance to abiotic stress.

Regarding the variety, although of their significantly low
panicle seed weight (Table 4) the varieties Possum and
ICARDA Short record the highest values of different yield
components: Seed yield (ton/hectare), biological yield (ton/
hectare), and straw yield, this increment may due to the
increasing of panicle number in these varieties compared to
others, which reflects on yield components. The straw yield

was reflected by plant high, where the Mitika variety records
significant low plant high and significant low straw yield
compared to other treatments. The superior performance
of Possum and ICARDA Short may be attributed to their
genetic tolerance to drought and heat stress.

Increased HI has been one of the principal factors
contributing to genetic yield improvements in oat (A.
sativa 1..). Although high HI demonstrates high-yielding
ability when cultivars are compared, it can also indicate
challenges to yield formation when comparisons are made
across differing growing conditions. From this study it is
clear that yield component increased in that treatments
with high harvest index (Table 7) regarding the locations
ecosystems, whereas, it doesn’t regarding the genotypes
(varieties), which is not agrees with [25] results of their
study which carried out in southern Finland and reported
that HI was associated with short plant stature in the
studied cereal species (wheat oat, barley), and grain
yield was associated closely with HI for 10 oat cultivars.
However, high HI didn’t indicate the degree of success
in yield determination when environments are compared,
which reflects the difference in environmental conditions
between Finland and the Northern part of Iraq.

Most characteristics show a superior effect of SA at
low (100 ppm) and moderate (200 ppm) concentrations
in increasing plants growth and yield components
(Tables 2-6 and 8), where in latest decades, many studies
have reported that using SA as the foliar application had
a significant effect on plant adaptation to stress factors, as
SA actions as a natural signaling particle targeting different
plant species to increase their tolerance to biotic and abiotic
pressures [10]. The use of SA at 100-200 ppm could be
recommended for oat cultivation in similar environments to
mitigate the effects of climate stress.

TABLE 5: Effect of SA concentrations, oat varieties and their interactions on grain yield (ton/ha) at Koya

and Altun Kopru

Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 2.9119* 3.638%¢ 3.7629¢ 3.292% ¢ 3.400°
Mitika 2.877¢ 3.899¢°9 3.465¢%¢ 2.817¢ 3.265°
Possum 4,959 5.3302° 5.493¢2 4.317f 5.0252
ICARDA short 47642 5.097a¢ 5.5582 4.137°9 4.889°
ICARDA tall 3.709¢9 4.4443f 4.043% 3.799¢9 3.999°
SA mean 3.844v 4.481° 4.464° 3.672°
Locations Mean

Koya Altun Kopru

45712 3.659°

*Means followed by same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid
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TABLE 6: Effect of SA concentrations, oat varieties and their interactions on biological yield (ton/ha) at

Koya and Altun Kopru

Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 6.667* 8.938%9 8.813%9 7.688¢9 8.026°
Mitika 5.188: " 7.438%" 6.6259" 5.125 6.094°
Possum 9.188%° 9.8132¢ 10.252° 8.188"9 9.3602
ICARDA short 9.0632f 9.52124 10.8132 7.875b9 9.3182
ICARDA tall 7.084% 8.875%9 7.688¢9 7.313% 7.740°
SA mean 7.438° 8.9172 8.8382 7.234°
Locations mean

Koya Altun Kopru

8.4342 7.782°

*Means followed by same letters for factors and their interactions are not significantly different at P<o.o5 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid

TABLE 7: Effect of SA concentrations, oat varieties and their interactions on harvest index (%) at Koya and

Altun Kopru
Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 44.072 41.264° 43.047° 42.395° 42.695°
Mitika 55.240° 52.4432 52.410° 54.8272 53.730°
Possum 51.3122 54.5712 53.297° 52.740° 52.980°
ICARDA short 52.1652 54.8832 51.5992 53.8602 53.1272
ICARDA tall 52.070° 49.6372 51.6642 51.4562 51.2062
SA Mean 50.9722 50.5592 50.4032 51.0562
Locations mean

Koya Altun Kopru

54.0152 47.480°

*Means followed by same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid

TABLE 8: Effect of SA concentrations, oat varieties and their interactions on straw yield (ton/ha) at Koya

and Altun Kopru

Varieties SA (ppm) Varieties
0 100 200 300 means

Kangaroo 3.756%¢* 5.300° 5.0522° 4.396%¢ 4.6262
Mitika 2.312f 3.539¢ 3.160¢f 2.309f 2.830°
Possum 4.229% 4.483%¢ 4.758%° 3.872v 4.335°
ICARDA short 4.299% 4.425%4 5.2552 3.739¢¢ 4.4292
ICARDA tall 3.37441 4.432%4 3.645¢¢ 3.514¢ 3.741°
SA mean 3.594° 4.4352 4.3742 3.566°
Locations mean

Koya Altun Kopru

3.8622 41222

*Means followed by same letters for factors and their interactions are not significantly different at P<o.05 according to Duncan’s multiple range test and vice versa. SA: Salicylic acid

Panicle grain weight, biological yield, and straw yield
decreased by increasing SA concentration to 300 ppm, which
may be due to decreasing physiological reactions, such as
photosynthesis, transpiration, and respiration as a result to
increasing ABA hormone, [26] which leads to decreasing
stomata conductance, It has recently been found that SA
treatment caused both ABA and proline accumulation in wheat
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and increased resistance to salinity [27]. Furthermore, [26]
reported that SA treatment increased ABA content in the
leaves of the studied oat genotypes. An increase of proline
level was observed only in Hordeum spontanenm. The obtained
results suggest that ABA and proline can contribute to the
development of anti-stress reactions induced by SA. The
results of this study also agree with [28] where exogenous
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SA reduced transpiration and increased nitrate reductase
activity, as well as the yield of some plants, also agrees
with [9] where SA reduces the inhibitory effects of cadmium
stress by improving the performance of root, chlorophyll
a, peroxidase, catalase, proline, and total carbohydrates in
lettuce (Lactuca sativa 1..) leaves.

4. CONCLUSION AND RECOMMENDATIONS

Based on our results, we recommend the application of
SA at 100-200 ppm to improve oat yields in arid and semi-
arid regions, particularly for varieties such as Possum and
ICARDA Short, and it reduce the inhibitory effects of the
stress of ecological changed especially temperature and
precipitation. Our study demonstrates that SA application
significantly improves oat yield components under stress
conditions, highlighting its potential as a sustainable strategy
for climate-resilient agriculture. From the result of soil
analysis, it appears that Koya district soil is more fertile, and
all the soil parameters are more favorable for plant growth,
yield, and yield components than Altun Kopru soil, which
reflects clearly in the growth, and yield components.

Further studies are recommended to increase crops yield
in areas suffering environmental stresses, in addition to
concentrate on local and wild genotyped to achieve these
goals. Also studies should explore the long-term effects of
SA application on soil health and crop rotation systems in
arid regions.
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ABSTRACT

In the Kurdistan Regional Government, most computer shops and markets conduct their marketing offline and do not
have electronic systems. Nevertheless, customers live in a digital age; they often face challenges in finding products
among these markets and shops. The most common question that customers ask is which shop they should purchase
from. Therefore, data from five laptop stores and ratings for markets were collected to build an integrated recommender
system to help customers find products and select the best store. Our proposed system is a hybrid e-recommendation
system that combines machine learning techniques to provide personalized shop and product recommendations. Methods
include data collection from multiple laptop shops and dataset preparation. The system uses techniques such as hybrid/
blended methods using singular value decomposition and K-nearest neighbors for collaborative filtering (CF) to recommend
shops and products based on customer ratings, alongside term frequency-inverse document frequency vectorization and
cosine similarity for content-based filtering. The CF’s performance was evaluated using metrics like RMSE = 0.14 and
MAE = 0.11, which demonstrated positive results for product and market recommendation. Overall, this study offers
solutions through HE-RS to address key challenges such as market fragmentation, cold-start problems, and data scarcity.

Index Terms: Hybrid E-Recommendation System, Content-based Filtering, Collaborative Filtering, Machine Learning,

E-Commerce
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1. INTRODUCTION

In the age of rapid digitalization, E-recommendation
systems (E-RS) have emerged as indispensable tools in most
fields, from e-commerce and entertainment to education,
healthcare, and restaurants. These systems aim to reduce
complexity by making relevant options easily available
to users or by tailoring content to personal needs [1]. As
consumer choice expands exponentially, the demand for
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efficient, accurate, and personal recommendation systems
continues to grow.

Recommendation systems between people are often very
effective for mutual assistance [2]. Therefore, it can be said
that the idea originated from real-world human interactions.
The recommender system appeared shortly after the World
Wide Web was created, and both business and academics
have investigated and used related technology extensively.
One of the most popular online applications nowadays,
recommender systems help billions of users every day by
suggesting various types of material, such as news feeds,
videos, e-commerce goods, music, movies, books, games,
friends, jobs. These triumphant tales have demonstrated that
recommender systems are capable of transforming large
amounts of data into valuable information [3].
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Field has shifted from basic content-based filter (CBF)
methods to advanced hybrid models that integrate CF,
machine learning, and context-aware techniques. While CBF
matches user preferences with item features, CF predicts
preferences by analyzing the behavior of similar users.
Despite their effectiveness, both methods face challenges
such as cold-start issues and limited data, which can reduce
their practical applicability.

The hybrid approach combining different filtering methods
has been a significant step in overcoming these challenges.
By combining insights from user behavior, product
characteristics, and context, hybrid systems provide
recommendations that are not only more accurate but also
more diverse [4]. This is particularly helpful in regions, such
as the Kurdistan Region, where fragmented markets make
it difficult for consumers to find the products or services,
they need across many different applications and systems.

Despite all efforts, the implementation of recommendation
systems in fragmented markets is still understudied. Most
present systems are designed for centralized e-commerce
platforms with substantial user data, leaving a significant gap
in these areas because markets operate independently and
data are scarce and scattered. Addressing these gaps requires
careful solutions and research that adapts to the unique
challenges of fragmented ecosystems, enabling consumers to
benefit from the personalized and detailed recommendations
they expect in more developed markets.

2. E-RS

Recommender systems or E-RSs (sometimes rendered by
terms such as platforms engines, algorithms, or software
tools and techniques) are a subclass of data filtering systems
that provide recommendations for items most relevant to a
particular user. The aim of a recommender system is to create
meaningful recommendations to a list of users for items or
products that might interest them. These systems play an
effective role in various areas, including e-commerce [5].

Typically, recommendations refer to various decision-making
processes about what products to buy, what music to listen to,
or what online news to read. RSs are used in many fields, with
well-known examples taking the form of playlist generators for
video and music services, product recommenders for online
stores, content recommenders for social media platforms,
open web content recommenders, or food recommendations
in online restaurants. These systems can operate using a single
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type of input, such as music, or multiple inputs into and from
across platforms, such as news, books, and search queries.
There are also popular recommendation systems for specific
topics, such as restaurants and online dating; Recommendation
systems have also been developed to investigate research topics
and experts, colleagues, and financial services [5].

2.1. Literature Review

Recommendation systems, as a field, have evolved rapidly,
with several works addressing critical challenges, such as data
sparsity, cold-start, and personalization, etc. These works are
also closely related to this research, which employs a hybrid
recommendation system (HRS) to improve pootly integrated
and fragmented markets. In line with the overarching aim of
our research, we reviewed some studies that offer insight and
contribute to research goals.

Hasan and Ferdous (2024) highlight the effectiveness
of HRSs that combine text-to-number transformation,
matrix factorization techniques such as ALS, and cosine
similarity for precise recommendations. Their study focuses
on preprocessing, similarity calculations, and latent factor
modeling, using the TMDB 5000 dataset and RMSE measures
for evaluation. Their study further demonstrates how
combining multiple methods in a hybrid approach improves
the efficiency and accuracy of recommendations, especially in
addressing data scarcity and enhancing system robustness [6].

Mouhiha ef al. (2024) explore the combination of CF and CBF
to address their individual limitations, such as the problem of
cold start and data scarcity. Their study indicates that a HRS
effectively improves accuracy and user satisfaction. Also, they
describe various hybrid methods that tailor recommendations
to user preferences by utilizing both user-item interactions
and item specificity |7].

Loukili eza/. (2023) investigate recommendation systems designed
for e-commerce, using the FP-growth algorithm to analyze
purchase patterns and generate personalized recommendations.
Their study describes the decision-making challenges posed
by the large number of product options. The rating metrics,
including accuracy and conversions generated, also demonstrate
how robust recommender systems have a direct impact on
increasing sales and customer attraction, and highlight practical
applications in real-world e-commerce platforms [8].

Cherkaoui ez al. (2024) discusses using machine learning
to predict customer behavior and improve strategies for
marketing. This is achieved through the use of Apriori
algorithms to mine the association rules and more
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sophisticated techniques, such as neural networks that are
used to analyze user data to enhance understanding of the
behavior of the users. Furthermore, their system concentrates
on data segmentation, target estimation, and measures of
effectiveness, thereby assisting businesses with realistic
recommendations and improving the relevance of the goods
recommended to users in highly competitive markets [9].

Ozturk e al. (2024) present a CrossGR model integrated
with Graph Isomorphism Networks (GINSs), facilitating the
function of cross-market recommendation systems even
with data sparsity and the limitations posed by the single
markets. By employing GINConv layers and multi-layer
perceptrons, the model derives insights into the typically
complex user-item engagements, thus generating effective
recommendations for different markets. Their novel concept
in recommendation systems has demonstrated significant
improvements in metrics, such as NDCG®10 and HR®10,
suggesting the efficacy of graph-based learning approaches
in recommendation systems [10].

The reviewed literature highlights various approaches, such as
(hybrid recommendation models, machine learning approaches,
graph-based methods, and NLP sentiment analysis). While these
studies address issues such as data scarcity, personalization, and
cold start issues, they do not specifically focus on fragmented
market integration, a major challenge in many parts of the
wortld, such as the Kurdistan Region.

This thesis aims to addressee the gap by combining different
techniques such as CBF and CF, designed to enhance market
recommendations in a complex multi-store environment. By
collecting product information from multiple markets, the
proposed system provides consumers with a unified shopping
experience, overcoming the problems of fragmentation in
the domestic e-commerce sector. Customers can also access
multiple stores and products through a single application,
which reduces customer search time and storage, especially
on smartphones.

2.1.1. CBF

A content-based recommendation system [11] is a type of
RS that functions based on the content and characteristics
of items. For instance, each product has a set of attributes,
and the system determines which attributes have contributed
to the user satisfaction in the past.

2.1.2. Collaborative filter (CF)
CF is a powerful tool used to personalize web experiences
based on other users’ preferences and opinions. This method,

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

known as CF, helps in examining large amounts of data by
combining the perspectives of vast and interconnected online
communities to make recommendations [12].

CF is divided into model-based and memory-based. Each has
its own style and set of challenges. Memory-based systems use
past evaluations to find users with similar tastes, while model-
based systems use algorithms, such as genetic algorithms, to
improve the accuracy of their recommendations.

CF applications: CF is widely used across various domains
to provide personalized recommendations based on user
preferences and behaviors, such as E-commerce, Music and
Movie Recommendations, News, social media, etc.

2.1.3. HRS

HRSs combine multiple recommendation strategies to
maximize their strengths. The choice of strategy depends
on data characteristics. By effectively merging methods,
HRSs deliver more accurate, adaptive, and user-personalized
recommendations [4]. In another way, they are blended or
mixed recommender systems.

Advantages of HRS over traditional RSs:

(i) Improved accuracy and personalization: By merging
several recommendation algorithms, E-HRSs can
provide recommendations that are more accurate
and personalized based on the user’s interests
and preferences, surpassing the limitations of a
single RS.

(ii) Scalable and flexible: HRS is more scalable than RS
alone, as it can support more users and is also capable
of being flexible by providing recommendations based
on changes in customer behavior and application.

(i) Enhanced robustness: As previously mentioned, the
primary issues with a single RS that prevent it from
making precise suggestions are data sparsity, biases, and
inconsistencies. In contrast, HRS can operate well in
this situation and more effectively handle modifications
to user preferences, behavior, item attributes, and other
clements.

(iv) Greater coverage: While single recommendation systems
are constrained in their recommendation area and are
only able to suggest certain goods, HRSs are able to go
beyond these limitations and offer recommendations
that are wider and more comprehensive.

Due to these benefits, researchers and businesses continue to

refine HRSs, focusing on accuracy, algorithm combinations,

and adaptability [4].
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2.1.4. Machine learning

Machine learning (ML) is a subpart of artificial intelligence
(AI) that focuses on developing algorithms and models that
enable computers to learn from data and make predictions
or decisions without being explicitly programmed [13]. ML
has revolutionized the field of E-recommendation systems,
making the systems more intelligent, more accurate in
personal recommendations and enabling them to understand
changes faster. E-commerce has expanded significantly due
to its benefits, which has created a very good environment
for the use of machine learning as a branch of Al Due to
the expansion of available information, there is a need for
personalized experiences, addressing fraud detection and
security challenges, enhancing supply chain optimization
capabilities, and recognizing the importance of customer
sentiment analysis [14]. Table I shows some ML models and
algorithms that are used for E-RSs.

3. METHODOLOGY AND SYSTEM ARCHITECTURE
DESIGN

The system begins with data collection, followed by the design
of a hybrid recommendation model aimed at producing
effective results for the given problem. The methodology
integrates two main approaches: CBF and CI%

3.1. Data Collection and Preparation

Figure 1 show the data collection and preparation process
for five laptop shops and 1000 user ratings for shops and
products. The product datasets include information about
products from different shops. Each product dataset includes
features such as (market name, brand name, processor type,
processor brand, generations, RAM, storage capacity in GB,
have SSD, HDD, graphics capacity, price, display size, display
type, and color). The User rating dataset includes customer
ratings. This allows the system to generate more accurate
recommendations based on user preferences. It contains the
user 1D, shop ID, product ID, and the rating given by the
consumer to the shops and products.

Figure 1 also illustrates the main preprocessing steps applied.
Data preparation and preprocessing began by combining the
datasets from five shops into a single dataset. Subsequently,
data cleaning (such as removing duplicates, punctuation, and
handling missing values), normalization (e.g., for price and
rating), transformation (such as converting the rating matrix
to a tabular format), and the selection of key features for
building the e-recommendation system based on the features
Kurdish users consider important when purchasing laptops
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TABLE I: Machine learning models and algorithms

used for E-RSs

Model/Algorithm

Description

K-means clustering
Cosine similarity with
K-NN

TF-IDF and cosine
Similarity algorithms

Matrix
factorization(MF)

Singular value
decomposition (SVD)

Latent Dirichlet
Allocation (LDA)

Convolutional neural
networks (CNN)

Support vector
machines (SVM)

Gradient descent

Reinforcement learning

Autoencoders

Bayesian networks

Funk-SVD

Decision trees

A popular unsupervised algorithm

used to group similar users/items for
recommendations.

A similarity measure used in both
content-based and collaborative filtering
to compare vector closeness.

The TF-IDF algorithm is used to evaluate
the importance of words in a textual
corpus. The cosine angle between two
vectors is used by the cosine similarity
method to calculate how similar they are.
Decomposes the user-item matrix into
latent factors for collaborative filtering
and hybrid systems.

A dimensionality reduction method used
to improve the accuracy of collaborative
filtering.

A topic modeling technique used

for literature or text-based content
recommendation systems.

Used to process structured data, such as
images or sound for personalized music
or movie recommendations.

A supervised learning algorithm used for
classification in hybrid recommendation
systems.

Optimization method used in
collaborative filtering to minimize error in
rating prediction.

Models’ user interaction dynamically
using contextual multi-armed

bandit techniques for real-time
recommendations.

A neural network used in hybrid systems
to reduce sparsity and integrate multiple
recommendation approaches.

A probabilistic approach for

predicting user preferences based on
dependencies among variables.

A variation of SVD optimized for
large-scale collaborative filtering by
focusing on smaller matrices.

A supervised learning method used in
collaborative filtering to classify user
preferences.

were performed. In the final step, the rating dataset was
divided into a training set (80%) and a testing set (20%) to
evaluate model performance effectively.

3.2. Term Frequency-Inverse Document Frequency
(TF-IDF) and Cosine Similarity

TF-IDF is a text analysis method used to calculate the
relevance of words in a document when compared to a
collection of documents. IDF reduces the weight of frequent
words that exist in multiple documents, while TF measures
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Fig. 1. Data collection and preparation process.

the frequency of a word’s occurrence in a document. The
TF-IDF equation is:

TF-IDF = TEXIDF

Where is calculated as the number of times a word appears
in a text or document divided by the total number of terms
in that document, and IDF is computed as:

IDF =log N
daf

Where N is the total number of documents, and df'is the
number of documents containing that word. TF-IDF helps
in filtering out less important words while highlighting
meaningful ones in recommendation systems.

A measure called cosine similarity is used to evaluate
how similar two text vectors are to each other as well as
providing a quantitative measure of document similarity by
calculating the cosine of the angle formed by two vectors in
n-dimensional space. The formula is:

cos(0)

_ AB
| 4[| B|
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A and B are document vectors, and the numerator’s
dot product is divided by the product of their scales.
Recommendation systems use both methods to detect
product similarities based on descriptions in texts [15].

3.3. Singular Value Decomposition (SVD)

SVD is a matrix factorization algorithm that converts a
matrix into three matrices for efficient representation and
dimensionality reduction. This technique has found extensive
applications across various areas, such as recommendation
systems, where it has been shown to recommend new
products and encourage repeat purchases, resulting in an
improved user experience [16].

SVD in a recommendation system:
Input: A matrix where rows are users, columns are items (like
movies), and the values are ratings.

SVD splits the matrix into three smaller matrices:
A=U0-S-17

U: Describes the users.

St Contains the importance of features.

17: Describes the items.

Using this, we can predict missing values in the original
matrix, such as movies a user hasn’t rated yet.

127



Abubakr and Faraj: HE-RS for Multi-Shop Environment

3.4. K-Nearest Neighbors (K-NN)

K-NN is an instance-based learning algorithm that is widely
used in classification and regression problems [17]. Because
it is so easy and supports large-dimensional data, it is widely
used for text classification, image recognition, and medical
diagnosis. Although algorithm performance may depend
significantly on the distance used, it has been shown to
achieve competitive results in most real-world applications.
K-NN for recommendation system is a neat application,
in which you can detect similar users or objects from their
characteristics and propose them recommendations.

3.5. CBF Process

We combined multiple product attributes (such as price,

brand, RAM, screen size, etc.) into a single row for each

product. This row represents a general description of the
product.

1. The TF-IDF Vectorizer is used to convert these
combined product features into numerical vectors. This
conversion transforms the textual information into a
format suitable for similarity calculations. As the process
is shown in Figure 2.

2. After converting product attributes and search queries
into TF-IDF vectors, cosine similarity was used to
compute and find the products that are most similar to
the user’s search query.

3. After generating initial recommendations, the results
are filtered based on user-supplied parameters, such as

RAM, screen size, and storage. Finally, the shops and
products were sorted by their ratings and similarity score.
Furthermore, Figure 2 illustrates the integration of TF-
IDF and Cosine Similarity.

3.6. CF Process

The user ratings are normalized using normalization

techniques to ensure all ratings are within the range of 0

to 1. This process reduces bias arising from different rating

scales across usets.

1. SVDis employed to analyze a sparse user-item evaluation
matrix into latent factors representing user and market
preferences. It enables the prediction of missing
assessments by capturing underlying patterns in the data.

2. K-NN is also utilized to identify users or similar shops
based on their evaluation patterns. This method offers
interpretability by highlighting neighbors.

3. We combined SVD and K-NN to form a hybrid model.
The SVD and K-NN predictions were weighted (40%
SVD, 60% K-NN) to generate the final recommendation.
This approach exploits the strengths of both algorithms
to reduce errors and improve the accuracy of

recommendations. Figure 3 illustrates the process flow
of the CF approach, which integrates SVD with K-NN.

3.7. The Flowchart of the Proposed System
In Figure 4, the flowchart shows the user workflow in the
E-RS. To begin with, the user can either create an account by

User input

Convert Query into Vector

7

Load Product Descriptions

J

rn

Apply TF-IDF Vectorization to Both

i{

Generate Vectors

i

Compute Cosine Similarity

4

4

Measure Query-Product Similarity

Rank Products by Similarity Scores

2Sg

Display Top Results to User

Fig. 2. Content-based filtering process.
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Fig. 3. Collaborative filter process.

registering or log in to their present account. Alternatively,
they can search the system anonymously, limiting the level
of personalization. Once a user is engaged, they can start
browsing products. The system uses a combination of
recommendation techniques. For example, if a user searches
for “RAM 32GB”, the system uses CBF to analyze user
search queries and compares them with product descriptions
using techniques such as TF-IDF and cosine similarity, which
helps the user to find laptops in multiple shops with similar
attributes such as RAM, storage, and price. The user search
result is ordered based on similarity score. For example,
if shop A has a high similarity score, it will be shown at
the top for the user. The system also makes use of CF for
registered users to analyze past user behavior, such as ratings
and compares it to the behavior of other users with similar
interests. Algorithms, such as K-NN and SVD are used to
detect these similarities and predict the shop and products
that the consumer might like.

Finally, the hybrid recommendation system combines the
strengths of both CBF and CE. This approach offers a

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

more nuanced and accurate set of recommendations by
taking into account both product characteristics and user
ratings.

4. RESULTS AND DISCUSSION

torizer(stop_words="

tfidf_matrix = tfidf.fit_transform(products_df['combined_features']

query_tfidf = tfidf.transform([search_query]

cosine_sim = cosine_similarity(query tfidf, tfidf matrix

4.1. CBF Implementation and Result

Figure 5 illustrates the top five recommended Apple products
retrieved using CBE The system computed the similarity
scores using TF-IDF and cosine similarity. Higher scores
indicate stronger textual similarity to the uset’s search. This
figure shows that the most relevant match (0.773) is from the
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( start )

Register
Login anonymous
CBF
SN —
TF-IDF and
cosine similarity
Search Algorithm
[
input TF-IDF and 4
CBF ine similarity
Search Algorithm B
eare | Hybrid E-
T Recommendation
| system
CF Shop recommendation
Product recommendation KNN, VSD
J

Fig. 4. Flowchart of the proposed system.

Similarity Scores of Product Recommendations

T -
I -

Product Name

Apple MacBook Air (2023) Apple M2 Chip 8GB RAM...

5
0.0 0.1 0.2 03 04 05 06 07 08

Similarity Score

Fig. 5. Content-based filter similarity score result.

The brief code sample in the screenshot above presents

“Shop W market, while other competitive options appear
a fundamental CBF code structure. The CBF component

in “Shop R” and “Shop M_A”.
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relied on TF-IDF to convert textual product descriptions
into numerical vectors that were then used to calculate cosine
similarity. Cosine similarity measures the angle between two
vectors in multidimensional space which provides a measure
to find the similarity between user search and product
attributes. These detailed calculations ensure that the best
ranking related to user search is provided.

To evaluate the CBF approach in a real-world user-facing
system, we consider an example of a user search with loosely
defined features (“8 GB RAM core i5 gen 11 white hp”). As
observed, this query exhibits characteristics of a user search

with loosely defined features. The search results for this query
were available from five distinct vendors. Figure 6 presents
the results from a selection of these shops.

4.2. CF Implementation and Result

The model needs to be trained and tested after it is built. The
dataset was partitioned into a testing set (20%) and a training
set (80%). For evaluating the models, metrics, such as root
mean squared error (RMSE), mean absolute error (MAE), and
mean squared error (MSE) were used. The below screenshot
for the sample code shows how SVD and K-NN are
combined to improve shop and product recommendations.

8 GB RAM core i5 gen 11 w RAM (e.g., 16GB) Display Size (e.g., 15.6)
Storage (e.g., 512) Search

E-Recommendation

Shop wlyam

Product Name ﬂ
HP 15-fd0210TU 13th Gen Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6
Inch FHD Display Diamond White Laptop/ Product Id: wlyam_102

HP 15-fd0202TU Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6 Inch FHD
Display Diamond White Laptop/ Product Id: wlyam_92

HP 240 G8 11th Gen Intel Core i5 1135G7 8GB RAM, 512GB SSD 14 Inch FHD

Display Ash Silver Laptop/ Product Id: wlyam_79

HP 15-fd0204TU Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6 Inch FHD
Display Silver Laptop/ Product Id: wlyam_90

HP 15-fd0208TU Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6 Inch FHD
Display Silver Laptop/ Product Id: wiyam_101

Shop mr_anwar

Hybrid Recommendations

Recommended Markets

Market Name

No recommended markets available.

Top 10 Recommended Products

ki mm
No recommended products available.

660000

672000

Product Name m

HP 15s-fq5786TU Intel Core i3 1215U 8GB RAM 512GB SSD 15.6 Inch FHD
Display Silver Laptop/ Product Id: mr_anwar_17

HP 15s-fq5486TU Intel Core i3 1215U 4GB RAM 256GB SSD 15.6 Inch FHD 45200
Display Black Laptop/ Product Id: mr_anwar_8
Lenovo IdeaPad Slim 3i 15ITL 11th Gen Intel Core i3 1115G4 4GB RAM 256GB 411200
SSD 15.6 Inch FHD Display Arctic Grey Laptop/ Product Id: mr_anwar_5
HP 15s-eq1578AU AMD Athlon Silver 3050U 8GB 256GB SSD 15.6 Inch FHD 372
Display Silver Laptop/ Product Id: mr_anwar_2

Acer Aspire 3 A315-510P-38RH (13th Gen Standard) Intel Core i3 N305 8GB
RAM, 512GB SSD 15.6 Inch FHD Display Pure Silver Laptop/ Product Id:
mr_anwar_3

398400

Fig. 6. User search example and content-based filter result.
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hybrid_predict(user, market):

svd_rating = svd_predicted_ratings.get
knn_rating = knn_predict(user, market

"{user}-{market}", ©

return 0.4 *

svd_rating + 0.6 * knn_rating

In addition to these results in table 2, the response time was
also tested to evaluate the real-time performance of the
hybrid proposal model. The test yielded an average prediction
response time of 0.0020 s, or 2 ms, demonstrating the system’s
efficient and near-instantaneous shop recommendation
capability. This outcome suggests that the model is effectively
optimized for real-time applications, enabling it to handle
user demands with minimal latency.

4.3. Hybrid E-Recommendation System Result

By bringing together both CBFF and CF into one system, we
create a hybrid recommendation model that takes the best
of both worlds while reducing each method’s weaknesses.
The HE-RS model combines the feature-based approach
from CBE, which uses product attributes to find similarities,
and the behavior-based insights from CF, which look at
user ratings and patterns to offer more personalized and
robust recommendations. This means that even if a user
hasn’t rated many shops and products, CBF can still
suggest items based on product features, while CF can
step in when product details alone aren’t enough to capture
user preferences. Contextual and behavioral data are both
included in the final recommendation outcome, which
produces a system that can effectively handle problems,
such as data lacking, new users, and modifying preferences.
Furthermore, this hybrid approach not only improves
the accuracy of recommendations but also creates a
more intuitive and user-friendly shopping experience by
continuously matching product recommendations and
shop recommendations to changing consumer preferences.
In Figure 7, what is on the right side of the system is
the result of a customer’s recommendation based on the
rating they gave, in which machine learning algorithms

TABLE lI: Cross-validation result

play a role. The list on the left shows the results of
the customer’s search and the results according to the
similarity of the uset’s search and products. In all stores,
products are recommended by the recommender system
based on CBFE.

4.4. Discussion

Table 2 is shows the hybrid model (SVD with K-NN) gives
better recommendations than the SVD model alone. Hybrid
model has alower RMSE (0.1435) and MAE (0.1147) compared
to the SVD model, indicating that the hybrid approach makes
more accurate predictions. SVD finds hidden patterns in the
data, while K-NN improves prediction by comparing similar
users. Thus, combining both methods can reduce errors and
give better recommendations. The results of this study are
presented in two ways that reflect real-world applicability.
One of the important aspects that distinguishes this research
from other studies is the development of a comprehensive
system that integrates multiple recommendation techniques to
enhance performance. The evaluation and results suggest that
the prototype system is suitable for further development and
optimization, and that a centralized recommendation platform
can serve as a practical solution for mitigating challenges in
fragmented markets. Instead of requiring each shop to develop
its own application, which causes data dispersion, businesses can
simply create an account within a unified system tailored to their
specific industry, improving accessibility and user experience.

4.5. Comparative Analysis

To validate the performance of our hybrid recommendation
system, we compare it with recent models that also
apply hybrid or advanced recommendation techniques.
As shown in Table III, our system combines SVD and
K-NN for CF with TF-IDF and Cosine Similarity for
CBE. The CF achieves a low RMSE of 0.14 and MAE of
0.11 on a sparse, custom laptop dataset. Furthermore, the
CBF achieves successful performance in responding to
customer searches. Compared to other studies, our system
demonstrates higher precision and adaptability in market-
specific recommendations.

Model Metric Fold 1 Fold 2 Fold 3 Fold 4 Fold 5 Mean Standard

SVD RMSE 0.3185 0.3123 0.3184 0.3192 0.3179 0.3172 0.0025
MAE 0.2713 0.2637 0.2741 0.2767 0.2688 0.2709 0.0045

Hybrid (SVD+K-NN) RMSE — — — — — 0.1435 —
MAE — — — — — 0.1147 —

RMSE: Root mean squared error, MAE: Mean absolute error, SVD: Singular value decomposition, K-NN: K-nearest neighbor
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Your User ID: 2

_ RAM (e.g., 16GB) Display Size (e.g., 15.6)

Storage (e.g., 512) Search

E-Recommendation Hybrid Recommendations

Recommended Markets

Market Name
I
Product Name ﬂ

mr_anwar
ITU Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6 Inch FHD

Display Silver Laptop/ Product Id: wlyam_90 mam_anwar

TU Intel Core i5 1335U 8GB RAM, 512GB SSD 15.6 Inch FHD

Display Silver Laptop/ Product Id: wlyam_101 Top 10 Recommended Products

HP 250 G8 Intel Core i3 1115G4 8GB RAM 1TB HDD 15.6 Inch FHD Display
Silver Laptop/ Product Id: wlyam_23

.ﬂ- S
HP ProBook 450 G10 Infel Core i 135U 8GB RAM, 512GB SSD 166Inch | - As;lej’;sz“g:'gg'
FHD Display Silver Laptop/ Product Id: wlyam_126
RAM 1TB HDD

HP ProBook 440 G10 Intel Core i7 1355U 8GB RAM, 512GB SSD 14 Inch FHD 15.6 Inch FHD

Display Silver Laptop/ Product Id: wiyam_167 Display Slate Grey
Laptop/ Product Id:

wlyam_1

Lenovo IdeaPad

D330 10IGL Intel

Shop mr_anwar CDC N4020 4GB
RAM 128GB

eMMC 10.1 Inch 120000
Product Name HD IPS Touch

Display Mineral
Grey Laptop/
Product Id:

mr_anwar_1
HP 15s-fq5486TU Intel Core i3 1215U 4GB RAM 256GB SSD 15.6 Inch FHD 452000
Display Black Laptop/ Product Id: mr_anwar_8 HP 15s-eq1578AU

AMD Athlon Silver
372000 3050U 8GB 256GB

HP 15s-fq5786TU Intel Core i3 1215U 8GB RAM 512GB SSD 15.6 Inch FHD
Display Silver Laptop/ Product Id: mr_anwar_17

HP 15s-eq1578AU AMD Athlon Silver 3050U 8GB 256GB SSD 15.6 Inch FHD

i v | antan! Dradiint 4. mr anwar 2

Fig. 7. Hybrid e-recommendation screen result.

TABLE lll: Comparison of HE-RS with other studies

Studies RMSE MAE Dataset CF method CBF method Key insights
HE-RS 0.14 0.11 Laptop market  SVD, K-NN TF-IDF, Cosine Accurate hybrid
(Custom, similarity recommendations tailored to
Sparse) sparse, real-world e-commerce
Hasan and Ferdous [6] 0.8951 - TMDB 5000 ALS Cosine Hybrid approach; improved
similarity accuracy compared to basic CF
Mouhiha et al. [7] 0.22 (RMS Prop), - Movie lens - Deep features, Deep learning improved hit rate
0.14 (SGD) cosine (0.89), NDCG®@10=0.64
Ozturk et al. [10] - - Cross-market Graph - Best NDCG©10=0.6524,
dataset isomorphism HR@10=0.7609 in cross-market
networks scenario

HE-RS: Hybrid electronic recommendation system, RMSE: Root mean squared error, MAE: Mean absolute error, SVD: Singular value decomposition, K-NN: K-nearest neighbor,

CBF: Content-based filter, CF: Collaborative filtering
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5. CONCLUSION

In this study, we have designed a hybrid electronic
recommendation system (HE-RS) for a multi-shop
environment, such as the Iraq-Kurdistan region, to address
market fragmentation. We have combined methods within
the system, such as CBF and CE The system allows users to
find shops and products based on shop ratings and product
characteristics. The results indicate that the system can
simplify customer search, and algorithms such as TF-IDF
and cosine similarity were able to produce accurate results
for customer queries across multiple shops. The system also
improved the quality of recommendations by using advanced
machine learning techniques, such as the combination of
SVD and K-NN algorithms to analyzing customer reviews,
which effectively predicted customer preferences and
achieved high performance. Moreover, the system was able
to address challenges such as the cold start problem, limited
data, and diverse user preferences. A major solution to using
multiple applications for various shops is provided by this
system. Stores can register on a centralized platform, which
allows customers to browse for items in many marketplaces
using a single interface; this reduces the customer search time.

5.1. Future Work

a. Integrate real-time user feedback.

b.  Usedeep learning techniques to improve recommendation
accuracy.

¢ Analyze more user behavior, such as clicks or browsing
history.

d. Integrate the system with mobile applications.

Finally, our research demonstrates that a HE-RS offers a
means to address market fragmentation, provides effective
recommendations for customers, and generates increased
opportunities for businesses.
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ABSTRACT

Cancer classification through genetic evaluation has become a hot topic among researchers. It holds the promise of
delivering systematic, precise, and scientifically backed diagnoses for different types of cancer. Lately, several studies
have delved into cancer classification by leveraging data mining techniques, machine learning algorithms, and statistical
methods to thoroughly analyze high-dimensional datasets. Detecting cancer early by examining gene expression data
is vital for providing effective patient care. Each sample in the Gene dataset usually includes a range of features, each
representing a specific gene. In this paper, we propose a unique approach that utilizes DistilBERT, a distilled version of
the Bidirectional Encoder Representations from Transformers, for cancer classification and prediction. In addition, our
model integrates a self-attention mechanism in the transformer layers to enhance the model’s focus on key features
and employs an embedding layer for dimensionality reduction, improving the processing of gene statistics, preventing
overfitting, and boosting generalization. We utilized datasets from important resources: The gene expression omnibus,
which provided microarray records of lung and ovarian cancers, and the cancer genome atlas (TCGA), which offered
RNA-Seq facts encompassing multiple most cancer types (breast invasive carcinoma, kidney renal clear cell carcinoma,
colon adenocarcinoma, lung adenocarcinoma, and prostate adenocarcinoma). Our approach established excessive accuracy
across all datasets, showcasing big upgrades in overall model performance compared to present strategies within the
subject. The results underscore the ability to leverage transformer-primarily based architectures for strong cancer-type
prediction and classification. Our approach achieved and improved exceptional accuracy compared to previous studies,

with DS1: 97.56% for lung cancer, DS2: 100% for ovarian cancer, and DS3: 99.504% for the TCGA dataset.

Index Terms: Cancer Classification, Gene Expression Data, RNA-Seq, DNA Microarray, Bidirectional Encoder
Representations from Transformers Model, Machine Learning, Pan-cancer, The Cancer Genome Atlas, DistilBERT

1. INTRODUCTION

Deoxyribonucleic acid, or DNA, stores genetic information
needed by all living things to create, function, and develop.
DNA is generally regarded as the blueprint of all living
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organisms since its components encode all of the information
required to sustain life. Cancer is a complicated disease that
stems from genetic mutations and unusual patterns of gene
expression. These molecular shifts can throw off the normal
functioning of cells, resulting in unchecked cell growth and
the formation of tumors. Thanks to recent breakthroughs
in gene expression profiling technologies, researchers can
now assess the activity of thousands of genes all at once,
offering crucial insights into how we diagnose, classify,
and predict cancer outcomes [2], [3]. Cancer has become
one of the most fatal illnesses globally, with an anticipated
9.7 million deaths from 20 million new cancer diagnoses in
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2022, according to the World Health Organization. Cancer is
caused by the unrestrained proliferation of some abnormal
cells, which divide and spread to other cells, multiplying
malignant child cells. Men’s most frequent cancers include
lung, prostate, colorectal, and stomach [4]. Over the past two
decades, health informatics research has focused on a variety
of topics, including bioinformatics, cheminformatics, cancer
prediction, and others [5].

Gene expression is the method by which the knowledge
stored in DNA is transformed into instructions for producing
proteins or other substances. It starts with the transcription
of DNA into messenger RNA, which is then translated
into proteins. Gene expression analysis is used to analyze
the order of genetic modifications occurring under specific
conditions in tissue or a single cell [6], [7]. A new technique
for studying the expression of several genes at once is
microarray technology. It entails positioning thousands of
sequences of genes on a glass slide known as a “gene chip”
in specific locations. The gene chip comes into contact with
a sample of DNA or RNA. Measured light is produced by
complementary base pairing between the sample and the gene
sequences on the chip. Genes expressed in the sample are
identified by regions of the chip that emit light. Each row in
a tabular representation of a microarray gene expression data
set corresponds to a single gene, each column to a sample or
time point, and each matrix entry represents the measured
expression level of a specific gene in a sample [8]—[10]. By
offering more normalized and less noisy data for classification
and prediction, RNA-Seq is a novel and well-liked method
for finding new transcripts and isoforms. Finding the genes
that are differentially expressed in a body or identifying
changes in genes at various levels is the primary purpose of
transcriptome profiling. RNA sequencing allows for both
identification and quantification in one location. RNA-Seq
data are widely available from vatious databases that can be
used for cancer prediction and classification [11].

Machine learning (ML) techniques have recently been utilized
to analyze microarray datasets for the categorization of
cancer. One useful method for diagnosing cancer is to use
the gene expressions found in microarray datasets. Several
feature selection techniques have been used to identify the
most important properties of malignant microarray datasets
to enhance the performance of these widely used ML
algorithms [6]. Notably, several innovative algorithms have
surfaced that have demonstrated encouraging outcomes
across a range of fields [5]. A subfield of artificial intelligence
called ML gives computers the ability to learn from training
data, identify patterns in data, and make predictions on their
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own that get better over time without explicit programming.
Numerous classification techniques were developed in the ML
field, and many of them were applied to the categorization
of cancer [12].

In this paper, we advocate a technique called DistilBERT,
which is a distilled version of the Bidirectional Encoder
Representations from Transformers (BERT) model that
retains 97% of BERT’s language understanding power
while being lighter, faster, and smaller. DistilBERT was
first presented by Hugging Face and is designed especially
for tasks requiring less processing power [13]. The BERT
version, added by Wu ez a/. (2024), is a groundbreaking deep
learning model designed for herbal language processing
that has 110 million parameters for the base version
and 340 million parameters for the large version. Unlike
conventional models that study textual content input in a
unidirectional manner. It uses a transformer structure that
reads the input text bi-directionally. This lets it recognize the
context of a phrase based totally on both its left and proper
environment, imparting deeper semantic knowledge [14].
BERT’s transformer-primarily based architecture has been
adapted for diverse fields past textual content processing,
such as bioinformatics and computational biology. In those
packages [15]—[17]. DistilBERT, such as the BERT model,
uses the same structure but is compressed to reduce model
size, holding most of BERT’s overall performance with
fewer parameters — approximately 60% of the size of BERT
(66 parameters), making it quicker and more efficient, and
providing quicker predictions with high performance [18].

Two forms of gene expression datasets from diverse
sources are used in this study to evaluate the efficacy of
the recommended method, and the selected data do not
achieve the high results with the previous model. The gene
expression omnibus (GEO) provides microarray datasets,
which include samples of ovarian and lung cancer. The
availability and dependability of these microarray datasets,
which provide a photo of gene activity, have made them
famous for being used in most cancer studies [11], [19]. The
2 set of statistics is derived from the cancer genome atlas
(TCGA), a comprehensive RNA-Seq dataset that consists
of facts on numerous cancer types, including prostate
adenocarcinoma (PRAD), lung adenocarcinoma (LUAD),
colon adenocarcinoma (COAD), kidney renal clear cell
carcinoma (KIRC), and breast invasive carcinoma (BRCA).
We can very well evaluate the adaptability and efficacy of
the DistiIBERT model across various gene expression
technologies by way of the utilization of each microarray
and RNA-Seq information [20], [21].
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The structure of this paper is prepared as follows: The
Methods section offers a complete evaluation of the datasets
and pre-processing strategies employed. The architecture
and implementation phase into the version of DistiiBERT
for numerical input and its integration into the cancer
category framework. Finally, we gift the experimental results,
compating our method with existing today’s models, observed
with the aid of a dialogue at the implications and capacity
applications of these studies in customized oncology and
medical decision aid.

2. LITERATURE REVIEW AND PROBLEM STATEMENT

This section reviews key research in cancer classification,
highlighting the transition from traditional methods to
innovative approaches of deep learning and optimization
techniques. It showcases studies that utilize gene expression
data and delves into how metaheuristic algorithms have been
employed to enhance feature selection and boost model
performance.

2.1. ML-Based Methods

Tabassum ¢ al. (2024) [3]. Proposed an ensemble learning
approach that uses a bagging-based multilayer perceptron’s
and mutual information for feature selection to classify cancer
from high-dimensional gene expression data. The method
was applied to different cancer types, demonstrating its
effectiveness in handling high-dimensional data and achieving
varying levels of accuracy across several datasets. In this study,
AbdEINabi ez 4. (2020) [4]. Introduced an intelligent decision
support system for cancer classification using gene expression
data from breast and colon cancers. Their method combines
information gain (IG) for initial feature selection, Grey Wolf
Optimization for further dimensionality reduction, and a
support vector machine (SVM) for classification. Applied
to microarray datasets, the approach effectively handled
high-dimensional data and achieved strong classification
performance, demonstrating its stability and reliability
in early cancer diagnosis. Other studies by Guyon ef al.
(2002) 22]. Integrating recursive feature elimination (RFE)
with SVM. The RFE method, used for gene choice, finished
with incredible accuracy, and SVM for cancer classification
consisted of 98% on leukemia datasets. A recent study
introduced a two-phase hybrid feature selection method by
Ali and Saeed (2023) [6]. Combining filter techniques (IG, gain
ratio, Chi-squared) with genetic algorithms (GA) to improve
cancer classification. The approach was tested using SVM,
Naive Bayes, k-nearest associates (KNN), Decision Tree, and
random forest (RF) on microarray datasets for breast, lung,
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Central Nervous System, and brain cancers. The GA step
further refined features selected by filters, enhancing overall
classification performance, Wei ez a/. (2023) [23]. Emphasized
the importance of feature extraction and selection in high-
dimensional gene expression data. They applied methods
such as methods like principal component analysis (PCA),
1G, and GA were broadly followed. A look at applying PCA
with numerous classifiers, which includes choice trees (DT),
SVM, and RE, performed variable outcomes, emphasizing the
importance of effective function extraction in optimizing
model overall performance, Li ez al. (2020) [24]. Carried out
an extensive study on pan-cancer classification, utilizing
TCGA RNA-seq gene expression data from 31 different
tumor types. They employed ML techniques to pinpoint
groups of distinguishing genes that could differentiate
between these tumor types with an impressive accuracy
of over 90%. The research also delved into sex-specific
variations in gene expression, underscoring the promise of
certain biomarkers for tumor diagnosis and tailored treatment
approaches. In this approach, Garcia-Diaz ez a/. (2022) [25].
Proposed unsupervised studying strategies have additionally
been explored for multiclass cancer classification. A look
at employing an extreme learning machine with a genetic
grouping algorithm completed a median accuracy of 98.8%
for breast, kidney, and prostate cancers, demonstrating the
feasibility of unsupervised techniques for high-dimensional
data. In addition, Chen (2022) |26]. Presented ML models,
which include SVM, linear discriminant analysis (LDA), and
KNN, have also been explored for multi-cancer datasets,
consisting of brain, prostate, and colon cancers. These
fashions did F-scores above 80% and furnished insights
into feature screening techniques for dealing with high-
dimensional gene expression data. In another study, gene
choice strategies have additionally been tailored for cancer
classification by AlShamlan and AlMazrua (2024) [5]. An
examination leveraging Harris Hawks Optimization and
KNN completed perfect typing for colon tumors and
leukemia datasets. These effects spotlight the promise of
biostimulator algorithms in identifying biologically applicable
gene markers. Mukhopadhyay e# a/. (2023) [12]. Proposed
discriminant analysis (LDA) combined with RE is explored for
excessive-dimensional microarray gene expression facts. The
study finished with accuracies of 96% for breast cancer, 98%
for most colon cancers, and 99% for most prostate cancers,
demonstrating the effectiveness of dimensionality discount
strategies in improving category overall performance for
multi-cancer datasets. Brought a bendy category framework
for cancer gene expression profiles by Hijazi and Chan
(2013) |20]. Utilizing ML models, such as DT, RE, and KNN,
they have alook at implementing more than one characteristic
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choice strategy (filter out, wrapper, and embedded) to
datasets together with leukemia, colon, and prostate cancer,
showcasing the adaptability of ML frameworks throughout
extraordinary cancer kinds.

2.2. Deep Learning and Hybrid Approaches

Similarly, another study by Das ez a/. (2023) [27]. Use CNN,
LSTM, and hybrid architectures, such as DCNN-GRU with
enhanced chimp optimization algorithms to classify cancer
using microarray data. The researchers tested these models
on datasets that included various subtypes such as brain,
breast, prostate, colon, and leukemia. These approaches
leverage deep learning capacity to capture complicated styles,
supplying sturdy consequences in gene expression-based
cancer detection, Yaqoob ez al. (2023) [28]. Proposed Recent
research has furthermore delivered hybrid algorithms to
beautify most cancer classes; integrated ML classifiers for
breast cancer classification, such as KNN, SVM, and Naive
Bayes, with the sine cosine and cuckoo search algorithm
(SCACSA) brought about high performance in breast
cancer types, outperforming traditional techniques. The
study presents limitations that are important to consider.
The SCACSA method relies on the quality and size of the
dataset used for validation. On the other hand, Tarek ez al.
(2016) [29]. The KNN set of rules has also proven promise
in most cancer predictions. Have a look at applied wrapper,
filter out, and embedded feature choice methods with
microarray datasets for leukemia, colon, and breast cancers,
achieving accuracy rates of 99% and 100%, respectively,
showcasing the adaptability of KINN across exclusive cancer
datasets. Rukhsar ez a/. (2022) |2]. Introduced a deep-learning
framework for classifying multiple types of cancer using
RNA-Seq gene expression data. They took the complex,
high-dimensional gene data and converted it into 2D images
through processes, such as normalization and zero-padding,
Then, they employed eight different deep learning algorithms,
including CNN, to extract features and categorize samples
from five distinct cancer types. Their experiments, which
involved various data splits and k-fold cross-validation,
showed that CNN outshone the other models in terms of
classification performance, achieving a high accuracy of 97%,
Mohammed ¢7 al. (2023) [11]. Implemented hybrid stacking
ensembles, which have furthermore proven powerful. For
instance, employing 1D-CNN and LASSO with TCGA
datasets yielded accuracies of 99.54 % for full datasets and
98.62% for reduced datasets, demonstrating the performance
of deep learning with dimensionality reduction strategies.
Some studies by Sucharita ez a/. (2024) [19]. Have centered on
enhancing cancer type classification through deep learning
improvements. For example, a hybrid version combining
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exponential sigmoid-deep notion networks and ranking
methods carried out accuracies of 85-95% throughout
seven cancer kinds, including leukemia and ovarian
cancers, illustrating the potential of deep belief networks
in gene expression evaluation. Aburass ez al. (2024) [30].
Introduced a hybrid M. model combining CNN, LSTM, and
GRU architectures for gene mutation category execution,
achieving 80.6% accuracy, and suggesting opportunities
for additional optimization in hybrid frameworks. Despite
these improvements, challenges persist in attaining regular
generalization throughout datasets and addressing the
computational complexity of high-dimensional records
evaluation. In previous work by Thakur ez 2/ (2024) [21]. Multi-
cancer analysis has, moreover, benefited from advancements
in ML. A comprehensive genomic pan-cancer category using
TCGA datasets was completed with 90% accuracy through
integrating GA, demonstrating the value of function choice in
large-scale genomic statistics evaluation. Another effort mixed
RNN-CNN architectures with bottleneck function extraction,
attaining accuracies of 97.8% for breast cancer and 99.4% for
prostate cancer. In this study, Surbhi Gupta ez a/. (2023) [10].
Posited deep studying strategies continue to be pivotal for
various cancer types. Deep learning on RNA sequence datasets
was examined for breast, lung, kidney, prostate, and colon
cancers. Although unique accuracy values are no longer certain,
these studies demonstrate the strong potential of deep learning
architectures in managing complex datasets, reinforcing their
relevance in modern-day cancer studies. An innovative graph
convolutional network (GCN) was applied to TGCA datasets
by Martinez Logreira (2020) [31]. Attaining approximately 52%
accuracy for pan-cancer evaluation. Although the performance
became modest, this observation highlighted the potential of
graph-based procedures for shooting complex relationships
in genomic records. Table 1 provides a precise view of the
literature discussed above.

2.3. Limitations of Existing Work

Although there are significant advances in cancer classification

using gene expression data, several recurring challenges

continue to limit the effectiveness and scalability of existing

methods. Key limitations identified in recent studies include.

e lack of generalization: A lot of models are trained
and fine-tuned on specific datasets, but they often skip
validation on external or diverse datasets.

e Dataset dependency: When sample sizes are small or
when there’s a heavy reliance on just microarray or RNA-
Seq data, it limits how well these models can apply to a
wider range of cancer types.

e Computational cost: Methods that rely on optimization,
such as GA and deep learning frameworks, tend to be
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TABLE 1: Comparative review of literature

References  Model Feature extraction Dataset Year
[3] Multilayer perceptron’s (MLPs) Mutual information algorithm Microarray 2024
[29] k-nearest neighbors (KNN) algorithm Wrappers, Filters, Embedded methods Microarray 2016
[27] CNN, LSTM, DCNN, GRU, PSCS-DL, ECO algorithm Microarray 2024
CSSMO-DL
[4] SVM Information gain (IG) Microarray 2020
[6] SVM, NB, KNN, DT, RF |G, information gain ratio, and Microarray 2023
Chi-squared
[2] CNN Deep learning (DL) RNA-Seq data 2022
[25] Extreme learning machine (ELM) Grouping genetic algorithm (GGA) RNA-Seq data 2020
[11] 1D-CNN LASSO (TCGA) 2022
[26] SVM, LDA, or KNN Feature screening Gene expressions 2022
[22] SVM with RFE Recursive feature elimination (RFE) Leukemia data 2002
[19] Exponential sigmoid-deep belief network Feature ranking (CM-CRO,) Microarray Data 2024
(ES-DBN)
[5] (KNN), (SVM), Harris hawks optimization (HHO) Microarray Data 2024
[12] Linear discriminant analysis (LDA) and (RF) Linear discriminant analysis (LDA) Microarray 2024
[30] LSTM, LSTM, CNN, GRU Not mention Cancer Treatment dataset 2024
[28] SVM, KNN, NB (SCACSA) Microarray Data 2024
[23] DT, SVM, RF, NB, Neural network, KNN Principal component analysis (PCA) Microarray Data 2023
[20] DT, SVM, RF, KNN, bagging, Filter, wrapper, and embedded methods Microarray Data 2013
[24] KNN (GA) (TCGA) 2017
[21] RNN-CNN Sandwich stacked method based on Gene expression data 2023
VGG16 and VGG19 pre-trained models
[10] Deep learning Not mentioned RNA sequence dataset 2022
[31] Graph convolutional network (GCN) Genetic Algorithms (GA) The TGCA dataset 2020

ECO: Enhanced chimp optimization

resource-heavy, making them less ideal for real-time
applications or environments with limited resources.

e Manual or static feature selection: Many studies stick to
traditional feature selection techniques that need manual
adjustments and don’t adapt on the fly during training.

e Limited data pre-processing and hyperparameter tuning:
Some methods fall short on having effective pre-
processing steps or optimized hyperparameter choices,
which can hurt their overall performance.

e Limited use of advanced models: There’s a noticeable
lack of exploration into transformer-based or graph-
based neural networks in many studies, even though these
could do a better job of capturing complex relationships
between genes.

2.4. Problem Statement

Cancer diagnosis remains a critical challenge in healthcare,
where early and accurate detection is essential to improving
outcomes and reducing mortality. Traditional methods
often fall short in handling the complexity of gene
expression data, and many ML approaches struggle with
generalizability, static feature selection, and dataset-specific
tuning. To address these issues, this study introduces a
DistilBERT-based model with a self-attention mechanism
that dynamically identifies significant gene features during

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

training. This approach enhances accuracy, reduces
manual pre-processing, and offers a scalable solution for
classifying multiple cancer types using high-dimensional
gene expression data.

3. MATERIALS AND METHODS

The main steps in developing this research for cancer
classification using gene expression include data collection,
data pre-processing, gene selection using the self-attention
mechanism, and finally classification using the DistilBERT
model. Fig. 1 describes the processing steps of the proposed
methodology; each step is briefly described next.

3.1. Data Collection

To determine the effectiveness of our DistilBERT model for
cancer classification across different cancer types, we utilized
publicly available gene expression datasets from two open
sources platform, such as the GEO and TCGA. These data
are not re-identifiable and have been released under a license
that prohibits their use for commercial purposes only. They
were used in a way that matches the requirements, that is,
under a subscription based upon the terms and conditions
established by both GEO and TCGA. The study does
not need the formal approval of the Institutional Review
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Fig. 1. Steps of the proposed methodology for cancer classification.

Board as it is public data and it does not contain any private
information that has an identifiable person. We specifically
selected datasets that had presented challenges to previous
models, aiming to demonstrate the potential of our approach
and achieve better results.

The GEO is managed by the National Center for
Biotechnology Information. It is a repository for high-
throughput gene expression and other functional genomics
data. From GEO, we downloaded two high-dimensional
microarray datasets: one for lung cancer and another for
ovarian cancer [6] (as detailed in Table 2). The lung cancer
dataset contains 203 instances with five classes and 12,600
features, or genes. The samples in the lung cancer dataset are
classified as belonging to four classes of lung tumors: Small
cell lung cancer (6 samples), adenocarcinoma (139 samples),
normal lung (17 samples), squamous cell carcinoma
(21 samples), and pulmonary carcinoid (20 samples) [2].
The ovarian cancer dataset includes 253 samples with two
classes and 15,154 genes. The ovarian cancer dataset is labeled
with a normal class (91 samples) and with cancer classes

(162 samples) [3].

The second data source were TCGA, More than 20,000
primary cancers and matched normal samples from 33
different cancer types were molecularly characterized by the
groundbreaking Cancer Genome Atlas (TCGA) program.
Beginning in 2000, this collaborative effort between NCI and
the National Human Genome Research Institute brought
together scientists from vatious institutions and disciplines.
In this source, we downloaded the RNA-Seq gene expression
data from Pan-Cancer Atlas (https://portal.gdc.cancet.
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TABLE 2: Description of the high-dimensional
microarray datasets used in this study

Dataset No. of No. of No. of
features instances classes

DS1: Lung cancer 12,600 203 5

DS2: Ovarian cancer 15,154 253 2

TABLE 3: Description of the DS3: Pan-cancer
datasets used in this study

Dataset No. of features No. of instances
BRCA 20,532 300
KIRC 20,532 146
LUAD 20,532 141
COAD 20,532 78
PRAD 20,532 136

gov/) using the R statistical application version 3.6.3 by the
TCGAbiolinks package [2], [11]. The dataset contains 801
instances or samples and 20,531 features or genes from the
top five common cancer types, including BRCA, KIRC,
COAD, LUAD, and PRAD [2], [11], [24]. Each sample
has 20,532 gene sequences. The dataset’s cancer classes
are denoted by the following codes: 0, 1, 2, 3, and 4 for
PRAD, LUAD, BRCA, KIRC, and COAD. Out of a total
of 801 samples, the BRCA class has 300 samples, clear cell
carcinoma (KIRC) has 146, LUAD has 141, COAD has
78, and PRAD class has 136 samples [21], [24]. As shown
in Table 3, after downloading, we combine each type of
cancer to make a unified, large-scale dataset for training and
evaluating our model, aiming for a more generalized and
accurate approach to cancer classification and prediction
across multiple cancer types.
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3.2. Data Processing

Before using a ML model, the selected datasets must be
properly processed and processing raw gene expression data
can be challenging due to its varied range. Several common
procedures are taken during the pre-processing stage,
including Data Cleaning. Normalization and feature selection.

3.2.1. Data cleaning

To ensure the quality and reliability of our datasets for
effective model training, a data cleaning phase was performed.
This involves identifying and dealing with different facets
of data quality, including missing values, duplicates,
inconsistencies, and outliers, which can lead to poor
performance and interpretability of ML models. Removing
missing values and duplicates is a very important step toward
statistics cleaning to ensure the quality and abundance of the
dataset, substituting missing values with statistical measures
such as mean, median, or mode such as mean, median, or
mode as shown in Tables 4 and 5. Similarly, duplicate records
in a dataset can distort evaluation and version performance.
Identifying and getting rid of duplicates guarantees statistics
integrity and decreases redundancy [3], [27], [32].

3.2.2. Normalization

To ensure that all gene expression features contributed equally
to the model training process, we applied normalization using
the StandardScaler technique. The goal of normalization
is to convert the values of numeric columns in the dataset
to a common scale, which improves both the performance
and accuracy of your model without distorting value ranges
or losing any information [33]. We specifically employed

scaler = StandardScaler ()
X_scaled = scaler.fit_transform(X)

Fig. 2. Standardscaler Implementation [1].

StandardScaler, which centers the data around a mean of 0
and a standard deviation of 1. Figure 3 shows the data before
normalization, and Figure 4 demonstrates the data after
normalization. StandardScaler enhances version education
balance by preventing features with larger scales from
dominating other [34]. The scikit-learn (sklearn) library in
Python includes the StandardScaler implementation. Fig. 2
is the form of the script we used when StandardScaler was
implemented before data splitting was done.

We use StandardScaler in normalization, and the equations
(1), (2), and (3) represent the metaethical formula of
standardization, mean, and standard deviation. Where X is
the original value of the feature, N is the total number of
values in the dataset, U is the mean of the feature, and G is
the standard deviation of the features [35]—[37].

x—H

X standardization = )
o
1<
Mean p=—>» Xi ®)
N3
Standard Deviation ¢ = 3)

3.2.3. Feature selection

To identify the most relevant gene expression features for
reliable cancer classification, we employed the inherent self-
attention mechanism within the DistIBERT model for feature
selection. This training process, learning their significance
without explicit pre-processing, evaluates the relationships
and dependencies among capabilities, assigning attention
weights that reflect their importance in the context of the
given project. Unlike traditional feature selection strategies,
which necessitate either manual guidance or algorithmic

AFFX-MurIL2_at AFFX-MurIL10_at AFFX-MurIL4_at AFFX-MurFAS_at AFFX-BioB-5_at 105_at
9 -18.600 10.54 0.010 19.440 -16.980 1.630
1 9.120 9.12 10.180 29.290 -4.680 10.180
2 -2.175 -2.21 -0.060 6.320 -1.775 1.745
3 -1.540 21.75 5.835 23.815 -24.785 ... 10.355
4 -9.070 3.08 -1.980 17.260 -10.090 . -10.090
198 35.140 106.16 52.280 65.349 27.790 48.200
199 -21.150 -31.20 -11.820 8.280 -24.740 -3.210
200 26.900 10.44 18.230 33.830 -11.220 6.970
201 23.800 29.14 31.800 65.610 4.240 26.470
202 -18.370 -1.03 -8.260 27.150 -23.430 -4.640
[203 rows x 12600 columns]

Fig. 3. Example of data before normalization.
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pre-processing to pinpoint and eliminate irrelevant features,
it dynamically learns which capabilities (genes) are maximally
relevant for distinguishing between different cancer
types. [38]—[42]. This concept is mathematically captured by
what’s known as scaled dot-product attention.

. Ok"
Attention Score(Q, K, V) = softmax( YV @

A

Where Q, K, and V are the query, key, and value matrices
derived from gene expression embeddings. By focusing on
these dynamically identified key features, the model can
potentially achieve better performance and generalization [39].

3.2.4. Data splitting

To train our DistilBERT model and see how well it performs
on new, unseen data, we split each of our datasets into
training and testing sets. Training data contained up to 80%
of the overall dataset, allowing it to learn the patterns in the

[[-0.52270655 ©.24721653 -0.02648141 ... -0.40856243 -0.9889013
0.18736746]

[ 0.82877923 ©.18378861 ©.50429813 ... -1.27053002 ©.60904913
1.18361247]

[ ©.27809265 -0.3222947 -0.03013476 ... -0.48253143 ©.41890506
0.07492172]

[ 1.69564132 ©.24274977 ©.92443336 ... -1.35286656 1.40594247
0.01376094]

[ 1.54450113 1.07803291 1.63266132 ... 1.90043074 0.55746503
2.20064867]

[-0.51149292 -0.26958699 -0.4580986 0.93894528 0.82972729
-1.08817267] ]

Fig. 4. Example of data after normalization by Standardscaler.

gene expression profiles associated with different cancer
types, whereas test data represented up to 20%. As a result,
the DistilBERT models were used to classity the cancer types.

4. PROPOSED CLASSIFICATION MODEL

Our proposed classification model uses a modified
DistiIBERT architecture to classify cancer types based on
high-dimensional numerical gene expression datasets. This
model is intended to efficiently process and evaluate input
information to accurately forecast the cancer class and use
our model with different types of cancer and achieve the
highest accuracy.

4.1. DistilBERT

DistilBERT is a streamlined version of the BERT model,
as shown in Fig, 5. It starts by taking in high-dimensional
numerical inputs that represent gene expression levels.
The first step is an embedding layer that uses a linear
transformation (nn.Linear) to shrink the input dimensions
down to 768, setting the stage for the next steps. To
enhance training stability and improve generalization, a
Group Normalization (Group Norm) layer is applied right
after the embedding layer, ensuring that the input to the
Transformer is appropriately normalized. After that, the
model goes through a Transformer block made up of six
stacked layers. Each of these layers features a self-attention
mechanism, allowing the model to hone in on the most
significant gene features by assigning varying weights across
the input sequence. A special [CLS] token is added at the
beginning, and it gets refined through these layers to serve

Input Data

1  DistilBERT
v

[ Keyy Valued Query
Multi-Head

Embedding layer

Attention

l Hidden size k< k,

Transformer layer 1

v Add Group

Layer normalization

Normalization
Transformer layer 2

Feed forward

v

Transformer layer 6

| it |
o J
\ T

‘ > 4
Prediction layer

v
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Fig. 5. Workflow of the DistiiBERT model approach used as an ensemble classifier.
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as a global summary of the entire sample. Following the self-
attention process, a feed-forward network (FFN) — which is
a fully connected network —adds non-linearity, enriching the
feature representations and boosting the model’s learning
capabilities. Before reaching the final classification stage,
a dropout layer with a rate of 0.2 is applied to the [CLS]
token to help prevent overfitting and improve the model’s
generalization. Finally, a fully connected classification layer
translates the 768-dimensional [CLS] representation into
the output space, and the results are processed through a
SoftMax function to generate the final class probabilities.
One of the key strengths of the proposed study lies in its
capability for generalization. By using a flexible transformer-
based architecture, the version may be tailored to categorize
extraordinary sorts of cancer with minimal changes. This
generalizability becomes evident within the steady overall
performance across various datasets examined throughout
the study.

4.2. Training

During the training step, the model uses optimizers, such
as AdamW and SGD with a learning rate of 2 X 10” and
a weight decay of 1 X 107 and uses cross-entropy loss
for classification, which allows the model to learn the
relationships between the input features and the cancer
classes.

4.3. Experimental Setup

The model we proposed was built using Python 3.11.5 and
Visual Studio Code. We made use of several essential libraries.
We preprocessed and normalized different types of cancer
from two open sources. For cancer classification, we fine-
tuned DistiIBERT, a streamlined transformer model. This
model features 6 transformer layers, 12 attention heads, and
768 hidden units and can handle a maximum input length
of 512. All our experiments were conducted on a Windows
10 machine equipped with an Intel Core i7-6820HQ CPU,
16 GB of RAM, and an NVIDIA GeForce RTX 4060 GPU.

5. RESULTS ANALYSIS

The general efficacy of the proposed DistiIBERT-based
complete variant for most cancer classes was examined using
different datasets, including lung cancer, ovarian cancet,
and TCGA datasets. The results show the model’s ability to
efficiently handle high-dimensional gene expression data and
achieve exceptional class accuracy across several datasets.
The results are evaluated using accuracy performance
metrics. In our experiments with the DistilBERT model,
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we explored various batch sizes and used the AdamW and
SGD optimizers on all datasets. For the lung cancer dataset,
our approach achieved an exceptional accuracy improvement
of 97.56% with the AdamW optimizer and a batch size of
16, outperforming other batch sizes and SGD, making it
the best choice for this task. Conversely, the SGD optimizer
showed optimal performance with batch sizes of 32 and 128,
as shown in Table 6. Fig. 6 displays the highest accuracy and
loss attained by the model for lung cancer datasets, and Fig. 7
shows the confusion matrix model.

For the ovarian cancer dataset that contains 15,154 genes with
two classes, our model gets 100% accuracy with the AdamW
optimizer across all batch sizes; with the SGD, the results
are represented in Table 7 with different batch sizes. Fig. 8
displays the highest accuracy and loss attained by the model
for ovarian cancer datasets, and Fig. 9 shows the confusion
matrix model.

For the TCGA dataset that includes five types of cancers and
contains 20,532 genes for each type, we use DistiIBERT with

TABLE 4: Example of data with miss values and
duplicate rows

Sample ID Feature1 Feature2 Feature3 Feature4
Sample_0 0.0 2.017209 3.265527 5.478487
Sample_1 0.0 0.592732 1.588421 7.586157
Sample_2 Nan NaN 2.3271 6.881787
Sample_3 0.0 3.511759 4.327199 6.881787
Sample_4 0.0 3.5611759 4.327199 6.881787

TABLE 5: Example of data after handle missing
values with remove duplicate rows

SampleID Feature1 Feature2 Feature3 Feature4
Sample_0 0.0 2.017209 3.265527 5.478487
Sample_1 0.0 0.592732 1.588421 7.586157
Sample_2  0.0(Mean) 2.408865(Mean) 2.3271 6.881787
Sample_3 0.0 3.511759 4327199 6.881787

TABLE 6: Using different batch sizes with AdamW
and SGD optimizers for the lung cancer dataset

Batch size Optimizer Accuracy %
16 AdamW 0.9756

32 0.926

64 0.9268

128 0.9268

16 SGD 0.9024

32 0.92

64 0.878

128 0.92
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Fig. 6. Accuracy and loss for DistiiBERT model for lung cancer dataset.
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Fig. 7. Confusion matrix model for lung cancer dataset.

AdamW and SGD optimizers. Our model achieves 99.5%
accuracy with the AdamW optimizer with a batch size of 16,
as shown in Figs. 10 and 11 shows the confusion matrix. For
the SGD optimizer, the result is presented in Table 8 with
different batch sizes for both optimizers.

6. DISCUSSION

This paper proposed an approach by utilizing ML techniques
for cancer prediction and classification based on gene
expression data. The DistilIBERT model was applied to
classify gene expression datasets in bioinformatics because
it can find complex non-linear relationships between the
inputs and the outputs and is effective for large datasets.
As discussed, it above indicates that DistiiBERT model
architectures could be used with two types of optimizers,
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TABLE 7: Using different batch sizes with SGD for
ovarian cancer

Batch size Optimizer Accuracy %
16 SGD 100

32 100

64 0.9804
128 0.9412

TABLE 8: Using different batch sizes with AdamW
and SGD optimizer

Batch size Optimizer Accuracy %
16 AdamW 0.995

32 0.9937
64 0.9804
128 0.98

16 SGD 0.987

32 0.9813
64 0.9565
128 0.9255

SGD and AdamW, for cancer classification, as they show a
confident result. The results indicate that model architectures
performed well. The AdamW optimizer reached higher
results across different batch sizes with model architecture,
showing a better choice as its accuracy reached 97.56%
with a batch size of 16, for the lung cancer dataset, while
the accuracy dropped to (92.6%, 92%, and 92.68%) with
batch sizes of 32, 64, and 128. For ovarian cancer the model
performed well, and the accuracy achieved (100%) with the
AdamW optimizer was the same with all different batch
sizes. For the TCGA dataset, the accuracy reached (99.5%)
with a batch size of 16, which is higher than the results
for batch sizes of 32, 64, and 128 (99.37%, 98.04%, and
98%). On the other hand, the SGD optimizer produced the
results in different batch size values, which are (16, 32, 64,
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TABLE 9: Comparison of our proposed model with some existing works used in this field

Dataset Existing work Accuracy of our
Method Accuracy (%) Year proposed model
DS1: Lung Cancer SVM, KNN, DT, RF [6] 94.09-97.04 2023 97.56%
CNN [2] 97 2022
ES-DBN [19] 94.5454 2024
LDA and RF [12] 95 2024
RNN-CNN [21] 0.97 2023
SVM, RF, MLP, SMO [7] 93, 96, 86.6, 91 2022
DS2: Ovarian Cancer MLPs [3] 98 2024 100%
1D-CNN [11] 98.62 2022
ES-DBN [19] 95.7746 2024
MI, GA, SVM [7] 80-98 2022
DS3: TCGA Dataset 1D-CNN 98.62 2022 99.504%
ELM [25] 98.81 2020
KNN [24] 90 2017
GCN [31] 52 2020
CNN [2] 97 2022

SVM: Support vector machine, LDA: Linear discriminant analysis, MLPs: Multilayer perceptrons, KNN: k-Nearest Neighbors, ELM: Extreme learning machine, GCN: Graph

convolutional network, ES-DBN: Exponential sigmoid-deep notion networks
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Fig. 8. Accuracy and loss for DistiiBERT model for ovarian cancer dataset.

and 128). The accuracy was (90.24%, 92%, 87.8%, 92%)
for lung cancer, but only in 16 and 32 did it reach the result
of (100%), for ovarian cancer with model architecture. For
the TCGA dataset, the accuracy is decreased with SGD for
model architecture, as shown in Table 8. This suggests that
batch sizes of 16 and 32 are the most effective for achieving
optimal performance. This experiment discovered that the
smaller batch size of 16 worked better because it allowed
for improved generalization from the noisier updates, and
the AdamW optimizer with batch 16 is more proper for
cancer classification, as it got a high accuracy in almost all
the tests compared to the SGD optimizer. The consistent
100% accuracy on the ovarian dataset with AdamW was
unexpected, suggesting a highly separable gene expression
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Fig. 11. Confusion matrix of the DistiiBERT model with the
TCGA dataset.

profile that simplifies classification. When we compared it
to previous studies, the proposed model achieved higher
accuracy, demonstrating its robustness and effectiveness in
cancer classification. The results indicate that integrating
transformer-based architectures can enhance predictive
accuracy, making it a promising approach for gene expression
analysis. By comparison with recent works, Table 9 indicates
the comparison between those papers referenced with the
proposed method. One limitation of our study model was
that it was trained on specific GEO and TCGA datasets,
potentially limiting its direct applicability to unseen cancer
types or data modalities. The interpretability of the deep
learning model also requires further investigation.
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7. CONCLUSION

Gene expression profiling for early cancer diagnosis is a new
strategy that is intended to help with the early detection and
treatment of several types of cancer. In this research, we
proposed a DistilBERT model as a multi-class classifier to
classify different types of cancer from a variety of sources,
including a cancer dataset. We obtained lung and ovarian
cancer from GEO, which provides microarray datasets, and
used each one separately. We downloaded (BRCA, KIRC,
COAD, LUAD, and PRAD) from TCGA, which offered
RNA-Seq datasets, which were then merged to create a
substantial dataset for cancer classification. We employed
a self-attention mechanism to select important features in
the dataset and compare the performance of our proposed
method with other models and techniques that are used in
ML to classify cancer types. We conclude that our proposed
model achieved the highest performance compared to other
ML methods and techniques. As a result, our proposed
approach can accurately categorize all of the observed
positive cancer cases. The suggested model can improve
early identification of cancer susceptibility, guiding early
intervention decisions and ultimately improving survival
rates. The suggested model surpasses others across all
datasets, achieving the highest classification accuracy: 97.56%
for lung cancer, 100% for ovarian cancer, and 99.504% for
the TCGA dataset, which includes five types of cancer. In
the future, we plan to boost the quality of gene expression
data and use metaheuristic optimization alongside deep
learning to take our performance to the next level, and we
will explore metaheuristic optimization for feature selection
and hyperparameter tuning, We also aim to evaluate the model
on broader datasets.
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ABSTRACT

The global rise in cardiovascular disease (CVD) cases underscores the critical need for accurate and early diagnostic
solutions. This study introduces a robust machine learning (ML) framework for predicting CVD risk by integrating two
large, feature-identical datasets containing clinical and biological indicators along with patient history. Seven classification
algorithms — logistic regression, random forest (RF), support vector machine (SVM), Gaussian naive Bayes (GNB), gradient
boosting (GB), K-nearest neighbors, and decision tree (DT) — were employed. A stratified sampling strategy was used to
ensure balanced class distribution, and model performance was further validated using k-fold cross-validation to enhance
robustness and generalizability. The datasets, sourced from the UCI repository, were pre-processed and evaluated using
metrics such as accuracy, precision, F1-score, log loss, and error rate, with performance further assessed using confusion
matrices. Results revealed that ensemble models, particularly RF and DT, achieved optimal performance with 100%
accuracy, while stratification significantly improved the outcomes of SVM, GNB, and GB. The integration of datasets,
stratified sampling, and k-fold validation effectively enhanced model reliability while minimizing overfitting. These findings
highlight the potential of ML to support early CVD diagnosis and lay the groundwork for future research on hybrid models

and real-world clinical applications.

Index Terms: Cardiovascular Disease, Gradient Boosting, Heart Disease, K-Nearest Neighbors, Logistic Regression,

Naive Bayes, Support Vector Machine.

1. INTRODUCTION

The cardiovascular system, also known as the circulatory
system, is considered one of the most vital systems in the
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human body, along with the liver, lungs, and other essential
organs [1], [2]. Cardiovascular disease (CVD) has become
one of the most prevalent illnesses in nations worldwide
today. It is often caused by low blood and oxygen levels in
the circulatory system as well as blood vessel stenosis [3], [4].
Medical centers today have access to numerous datasets
specifically focused on heart disease diagnoses. The
evaluation of diseases and recognizing objects both make
significant utilization of machine learning (ML) techniques
[5]. Using ML algorithms to diagnose diseases, enormous
quantities of medical data are converted into information
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that can improve predicting and decision-making. To
help healthcare providers by improving the precision and
accuracy of making decisions over disease detection and
diagnosis, ML research has gained importance in healthcare.
A pair of its goals is the development of machine-based
evaluation systems and disease prediction [0], |7]. A number
of symptoms are able to identify CVD: Hypertension,
chest pain, high blood pressure, cardiac arrest, etc. Many
CVD types are present, each having a different variety of
symptoms. Such as: (1) Chest pain, dyspnea, and throat
pain are symptoms of cardiac disease in the blood vessels.
(2) CVD caused by irregular heartbeats: discomfort, a slowing
heartbeat, chest pain, etc. The most typical symptoms are
discomfort, shortness of breath, chest pain, etc. The most
typical symptoms include fainting, shortness of breath, and
chest pain. CVD can be led on by pre-mature births, diabetes,
high blood pressure, cigarette smoking, drug usage, and
drinking alcohol. A fever, exhaustion, dry cough, and skin
rashes are signs that the infection has occasionally spread
to the inner membranes of the heart. Bacteria, viruses, and
parasites are the causes of heart infections. Heart discase
kinds include the following: Angina pectoris, congenital heart
disease, Cardiac failure, cardiac illness, high blood pressure,
plaque in the arteries, and a slower beat of the heart. Many
automated techniques are available nowadays, including deep
neural networks, algorithmic learning, and data mining [18].
Heart disease risk is commonly predicted based on various
factors such as insulin resistance, CVD, high bad cholesterol
levels, age, gender, smoking or drinking habits, obesity,
heart rate, and chest pain, as demonstrated in numerous
previous studies on different cases [9]. Leveraging medical
information gathered from real-world cases, technology has
become increasingly effective in predicting heart disease.
With advancements in ML, a core component of artificial
intelligence, these technologies have reached new heights.
ML provides powerful tools for medical diagnosis and disease
prediction, significantly enhancing the quality of healthcare
services. By analyzing real-life medical data, these systems
can more accurately detect whether an individual is at risk for
heart disease. Addressing this issue requires robust accuracy in
ensuring data security and maintaining confidentiality between
patients and physicians. This can be achieved through the
implementation of well-established security algorithms [10].
ML technology, considered a component of artificial
intelligence, represents the highest point of technological
advancement. Due to its ability to provide medical diagnostic
tools for disease prediction, ML plays a significant role in
enhancing the quality of health services [11]. Despite this,
many metaheuristic algorithms have been employed to
classify data and optimize this problem through evolutionary
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evaluation [12], [13], [14]. Furthermore, the supervised ML
approach includes an algorithm for classification that can be
utilized for prediction [15].

The aim of this study is to determine if cardiac questions
can be identified based on a patient’s medical factors, such
as age, gender, and chest pain. For this purpose, patient
characteristics and medical selected data datasets as specified
in the future. By analyzing this dataset, the goal is to
determine whether a patient has a cardiac issue.

The novelty of this study lies in its innovative approach
to enhancing CVD prediction by combining two datasets
(UCI and HD) and applying stratified ML techniques. A key
aspect of this novelty is the integration of two large datasets
with identical feature variables, creating a more diverse and
comprehensive dataset that improves model generalization
compared to using a single source. In addition, the study
employs stratified data splitting to maintain balanced class
distributions, which is particularly beneficial for imbalanced
datasets. This technique not only reduces model bias but
also significantly improves the prediction accuracy of
algorithms such as logistic regression (LR), random forest

(RF), support vector machine (SVM), Gaussian Naive Bayes

(GNB), gradient boosting (GB), K-nearest neighbors (KNN),

decision tree (DT). The study further distinguishes itself

through a thorough comparative performance evaluation
of multiple ML algorithms — including LR, RE, SVM, GNB,

GB, KNN, and DT — assessing their effectiveness with

and without stratification. Notably, the research provides a

quantitative analysis of how stratification positively impacts

model accuracy, precision, and Fl-score, underscoring
its critical role in healthcare-related ML tasks. While the
study leverages widely used ML methods, its uniqueness
is evident in the dataset integration, the strategic use of
stratification, and the detailed assessment of its effects on
model performance. To further enhance its contributions,
future work could explore advanced techniques such as deep
learning (DL), hybrid models, or clinical validation using
real-world healthcare data. This study’s primary contribution
lies in training health-related features using seven methods:

e Evaluate the performance of various ML algorithms,
including LR, RE, GNB, GB, KNN, SVM, and DT, in
predicting CVD.

e The combined dataset showed enhanced accuracy by
using the stratify parameter, which ensured balanced
training and improved model performance.

e This strategy helps medical professionals assess patient
risk, showcasing ML’s potential to enhance diagnostic
accuracy and improve patient outcomes.
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e The use of stratified techniques greatly enhanced the
accuracy of SVM, GNB, and GB models, emphasizing
the value of balanced data distribution during training;

e This study evaluates the performance of various
classification algorithms on three distinct datasets: UCI,
HD, and the combined UCI-HD dataset.

e The results highlight the effectiveness of RF and DT
algorithms, demonstrating their robustness across all
datasets, with R achieving perfect accuracy on the
combined dataset. In addition, the performance of other
algorithms, such as KNN and GNB, provides valuable
insights into their strengths, particularly on the HD
dataset.

e This comparative analysis supports the selection of the
most suitable algorithm for classification tasks across
different datasets.

The rest of the paper is organized as follows: Section 2
delivers a background review, followed by Section 3, which
outlines the methods and materials used. Section 4 presents
the results and analysis, while Section 5 discusses the
performance of the algorithms based on the adjustments.
Finally, the conclusion and future work are presented in the
past section. Procedure for Paper Submission.

2. BACKGROUND REVIEW

Many studies involving animals or humans, and other studies
that require ethical approval, must list the authority that
provided approval and the corresponding ethical approval
code. Many studies are being carried out having the goal of
using algorithms based on ML to identify cardiac disease. The
study employed various ML methods to create a prediction
model for categorizing cardiac diseases. The following part
discusses a few of the earlier studies on predicting the
likelihood of heart disease.

The DT, RF, and Naive Bayes (NB) methods are applied to
the Cleveland heart disease dataset by Gavhane ez 4/ [16]. The
study dataset was used to evaluate the accuracy of predictions
of the approaches, and the RF strategy performed better than
the DT and NB procedures. Ambekar and Phalnikar [17]
use a heart disease dataset to compare the prediction power
of many ML methods, such as GNB, LR, RF, and KNN. In
terms of prediction accuracy, LR performed better than all
other approaches according to the two different findings.
The comparison of three ML algorithms, DT, RF, and multi-
layer perception, using the Wisconsin Heart Disease Data
Repository is carried out by Jothi ez a/. [18]. The methods

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

are compared for accuracy in predicting cardiac illness, and
the findings indicate that multi-layer perception and neural
networks perform better in this regard. The Wisconsin Heart
Disease Data Repository forecasts heart disease using NB,
as described by Segie ez al. [19]. It can achieve 87% overall
prediction accuracy. In artificial ML and forecasting systems,
the NB model performs better than the other models in
terms of performance and the ability to accurately forecast
cardiovascular illness, with an adequate forecasting accuracy
of eighty-seven. The study conducted by Kajal and Nishika
[20] focused on different methods of classification used
to predict an individual’s danger degree based on blood
pressure, cholesterol levels, cardiac rate, age, gender, and
other characteristics.

Data mining methods, including NB, KNN, DT, and Neural
Network, are used to increase the accuracy of the hazard
level. The kernel nearest neighbor and ID3 algorithms
were used to determine the risk rate of heart disease. The
accuracy rating for various amounts of attributes was also
provided. Babu ez /. [21], conducted research on a range of
educational apps that support the identification of many
cardiac conditions. A selection of methods, including data
mining, SVMs, computationally intelligent classifiers, and
hidden markov’s models, were employed. Since treating
heart disease is extremely costly and out of reach for the
average person, these kinds of cutting-edge technologies
are created to address this issue. The beginning predictions
can also benefit from these strategies. It modifies daily
routines somewhat to prevent more suffering. As a result,
the author draws the conclusion that the anticipated
strategy is highly helpful and offers several advantages.
Kannan and Vasanthi [22] employed a variety of ML
algorithms, including LR, RE, SVM, and stochastic gradient
boosting, to identify potential cardiovascular illnesses. The

equation predicts that LR has the most accuracy, coming
in at 86.5%.

In addition, Raza [23] employed LR, NB, a multilayer
perceptron, and a combined learning model to classify
heart diseases. The result shows that combined learning
has improved the prediction performance of cardiac
disease when compared to other approaches. For example,
Z-Alizadesh Sani and the Cleveland heart disorder dataset
were two separate datasets utilized by Sapra ef al. [24] to
diagnose cardiac illnesses. These datasets were previously
analyzed using six different ML techniques: LR, DL, DT,
RE, SVM, and collaborative learning gradient boosted tree.
When compared to other techniques, gradient boosted tree
strategy yielded the highest accuracy, at 84%. Because CVD
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has one of the highest death rates worldwide, projection is an
essential part of medicine. Several techniques involving ML
are being used to effectively forecast cardiac disease. Research
has demonstrated that technologies such as KNN, RE, DT,
and SVMs can reliably forecast CVD with excellent accuracy
rates of 79%-94% [25]. According to this research [20],
NB (83.60%), KNN (90.16%), LR (86.88%), RF (96.72%),
extreme gradient boost (95.08%), and DT (77.049%) were the
ML techniques that were employed. Remarkably, the method
known as RF performed more effectively than the remaining
algorithms, with a maximum accuracy rate of 96.72%. For
further clarification on the methods used, Table 1 includes
a summary of the approaches, along with a comparison to
previous works that have addressed similar topics.

TABLE 1: Relevant bibliography

3. MATERIALS AND METHODS

3.1. Dataset

The UCI Heart Disease dataset is a widely used dataset for
predicting CVD, containing various attributes related to patient
health, such as age, cholesterol levels, and electrocardiographic
results. The investigation utilized two datasets for analysis,
as summarized in Table 2. The first dataset, UCI, contains
samples categorized based on the presence or absence of
CVD. Similarly, the second dataset, HD, provides additional
samples with the same classification criteria.

The Combined dataset, created by merging UCI and HD,
offers a comprehensive view of CVD distribution. All

Title of research The methods Different types of data Year References

used
Utilizing Artificial Intelligence to Predict RF, DT, and NB Cleveland Cardiovascular 2018 [16]
Cardiovascular Disease Disease Data Set
Making use of convolutional neural networks GNB, RF, KNN, and L R Cardiovascular Disease 2018 [17]
to predict the probability of diseases Data Set
Genetic algorithm-based feature determination RF, DT, and multi-layer neural Wisconsin Cardiovascular 2019 [18]
technique in the healthcare dataset networks for perception Research Center
Support Vector Techniques for Machine-Based NB Wisconsin Cardiovascular 2019 [19]
Detection of Cardiovascular Disease Research Center
Cardiovascular Disease Detection Utilizing Neural Network, KNN, DT, Features: Sexuality, 2016 [20]
Data Mining Methods and NB Age, Blood Pressure,

Cholesterol Levels, and

Heart Rate
Diagnosing Cardiovascular Disease Through Data mining, computerized Cardiovascular Disease 2017 [21]
Data Mining Method smart classifiers, SVM, and Data Set

concealing Markov chain

ROC curve-based machine learning Probabilistic Gradient Cardiovascular Disease 2019 [22]
techniques for cardiovascular disease Boosting, RF, SVM, and LR Data Set
diagnosis and prognosis
Improving the identification of cardiovascular LR, NB, Multilayer Perceptron, Cardiovascular Disease 2019 [23]
disease accuracy using a majority vote and Ensemble Learning Data Set
group learning
Using a combined technique, a smart Gradient Boosted Tree, RF, Cleveland Cardiovascular 2021 [24]
approach for detecting CAD SVM, DT, DL, and LR Disease and Z- Alizadesh

Sani Datasets
Using Machine Learning Techniques to Track SVM, RF, DT, and KNN Cardiovascular Disease 2023 [25]
Cardiovascular Issues in Cardiovascular Data Set
Disease
An Organized Analysis of Machine Learning KNN, LR, and RF Cardiovascular Disease 2022 [25]

Algorithms for Heart Failure Prediction

Data Set

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, KNN: K-nearest neighbors, DT: Decision tree, DL: deep learning

TABLE 2: Cardiovascular disease dataset distribution and sources

Dataset Feature Samples Negative samples (%) Positive samples (%) Source
ucCl 14 1025 499 (48.68) 526 (51.32) https://www.kaggle.com/datasets/
johnsmith88/heart-disease-dataset/data
HD 14 303 138 (45.5) 165 (54.5) https://www.kaggle.com/code/mragpavank/
heart-disease-uci/notebook
UCI-HD 14 1328 637 (48.0) 691 (52.0) Includes UCI -HD
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datasets are complete, with no missing feature values. Fig, 1
illustrates the distribution of CVD across the samples. For
model development, 80% of the combined dataset was
allocated for training, and 20% for testing.

3.2. Data Pre-Processing

This study focuses on pre-processing the UCI and HD (heart
disease) datasets before developing a predictive model using
ML. These datasets have undergone extensive cleaning and
pre-processing, making them easier to use and requiring
minimal effort for data preparation. In addition, they are well-
documented and frequently cited in scientific research. In
both datasets, the target attribute is an integer indicating the
presence of heart disease in a patient. A value of 0 signifies
no heart disease, while a value of 1 indicates its presence. The
attribute sex represents gender, with two classes: 1 for males
and O for females. The attribute cp (chest pain type) includes
four classes, while fbs (fasting blood sugar) has two classes.

Similarly, restecg (resting electrocardiogram) consists of three
classes, and exang (exercise-induced angina) has two classes.
The attribute slope (ST slope) comprises three classes. Four
additional attributes — trestbps (resting blood pressure), chol
(cholesterol level), age, and oldpeak — are treated as numerical
values. The data pre-processing process involves multiple
steps, from data loading to splitting for training and testing.
These steps are detailed in Table 3.

3.3. Selection Algorithms

There are several algorithms commonly used for the
classification of cardiac disease, including LR, RE, SVM,
GNB, GB, KNN, and DT.

3.3.1. LR algorithm

It consists of a classification process that makes use of
only one class-based classifier and a single multinomial LR
approach. When using a specific technique, a LR analysis

Non-Heart disease
BN Heart disease

Non-Heart disease

. Heart dsease Non-Heart dsease

BN Meart disease

52.0%

Fig. 1. Patient with cardiovascular disease compared to non-heart disorder patients.

TABLE 3: Heart dataset features

Attributes  Information

Sex Gender of participants

Cp Kind of chest pain. There are four parts to this feature: unusual angina, usual angina, and both. Pain that is not anginal and
asymptomatic

Trestbps Blood pressure of the patient during a time of rest or inactivity

Chol Level of cholesterol

Fbs The level of blood sugar has an accurate level if it is more than 120 mg/dL and an incorrect value if it is below 120 mg/dL.

Restecg Electrocardiogram outcomes acquired as a patient is at rest, often known as resting electrocardiogram results. Following the Estes
criteria, a result of 0 denotes normalcy, an amount of 1 suggests aberrant ST-T waves, & a result of 2 suggests a certain risk of
hypertrophy of the left ventricle.

Thalach Maximal heartbeat

Exang The patient’s pain whereas physical activity. Value, true if the answer is “yes” and false if the word “no”

Oldpeak The reduction in ST brought on by activity.

Slope Slope during exercise at maximum ST. The slope of it can be classified as upsloping, round, or downsloping.

Ca The amount of vessels is identified by coloring.

Thal Test for thalassemia has a total of three numbers: changeable error, immovable defect, and regular.

Target Cardiac illness (1) is a type of label. Non-cardiac illness (0)

Thalach Maximal heartbeat
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usually shows where the group’ borders are and how far
removed the category’s probabilities are from them. This
approaches the extremes (0 and 1) more quickly depending
on the data collection. LR is elevated beyond the level of a
basic classification by these conditional arguments. It might
be applied in a different method more offers more accurate
and thorough estimates, although they are not certainties.
LR is an estimating technique that resembles ordinary least
squares regression. However, employing LR for prediction
results in a single response [27]. LR has become one of the
increasingly popular techniques for intermittent information
analysis and statistical applications. The LR approach makes
use of the linear interpolation method [28]. The sigmoid
function, given by the equation (1)

1
1+e

sig(1)=—— )

3.3.2. RF algorithm

Among the most effective learning techniques is RE
Humanities researchers are able to benefit from algorithmic
advancements if they are allowed access to an application of
the method. Since models that utilize trees are the foundation
of the RF technique, let’s start by talking about them. With
a tree-based approach, the collection of data is repeatedly
divided into two separate categories according to a pre-
defined parameter or another is satisfied. The referred to as
nodes of leaves, or leaves are located at the base of the DT.
Comparing to DTs, the REF algorithm calculates the error
rate more accurately. Particularly, it can be demonstrated
analytically that the error rate constantly converges as the
number of trees rises [29]. At the preparation phase, the
out-of-bag (OOB) error approximates the variance of
the RF mistake. A distinct bootstrapping sample serves as the
foundation for every tree. Approximately one-third of the
observations are randomly excluded from each bootstrapping
dataset. An OOB example of this is the collection of each
of this excluded information for an individual tree. When
choosing an algorithm and fine-tuning factors, determining
which ones will result in a small OOB variance is frequently
crucial. Keep in mind that the size of the group of predictor
factors is essential for regulating the trees’ ultimate depth in
the RF method. As a result, it is a parameter that must be
adjusted when choosing a model.

3.3.3. SVM algorithm

The most commonly implemented supervised ML technique,
SVM, is utilized for classification as well as regression.
However, this approach is mostly examined for ML issues
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with classification. To swiftly place the newly acquired
information in the right group, the strategy known as SVM
aims to construct the most effective border, the line of sight
that may divide the space with n dimensions into classes.
This optimal selection of boundaries is referred to as a
“hyperplane” [30]. SVM selects the extreme vectors that help
to create the hyperspace. The highest and lowest vectors are
collectively referred to as vectors of support, and the method
that employs a disproportionate number of verticals is called
SVM. The SVM image below classifies two distinct groups
using hyperplanes or borders of selections.

3.3.4. KNN algorithm

The KNN algorithm, the most basic categorizing technique,
is based on supervised learning techniques. The KNN
technique can be applied to reversion, although it is primarily
used for classification [22]. A new data point is categorized
using the KNN algorithm according to how well the
information it provides matches the existing data. How
fresh data can be promptly classified by the method known
as KNN when it falls into an appropriate class.

3.3.5. GNB algorithm

The GNB, which comes through the Bayesian theory,
GNB provides constant data that are drawn through the
Gaussian typical distribution. The idea that its elements
are autonomous is the foundation of the GNB. This
sorting algorithm is regarded as being one of the most
straightforward and practical methods. For categorization
using supervised ML, which is predicated on the concept
that the information is regularly generated. GNB is
demonstrated [31]. If every chosen feature contributes
equally and independently, the Bayes theorem depends on
multiplying the probability and previous by the evidence
presented. Since they are independent of one another, it is
assumed that the significance of each attribute has an equal
impact on the result. The likelihood of a specific event
because something else has previously occurred is known
to be called the GNB using the formula (2).

P (BA) P(A)

©)

This formula determines the following probability, or the
likelihood that A will occur, considering that B will occur,
and the likelihood that B will occur, provided that A will
occur. The probabilities of A Occurring P(A) split by proof,
or the possibility of B occurring P(B), is P(B|A), which is
the probability multiply by the previous event.
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3.3.6. GB

In terms of accuracy, the GB provides a cutting edge,
particularly for supervised training tasks on structured
datasets. Freund and Schapire created AdaBoost, the initial
boosting method, in the year 1997. Combining various
models of ML is the aim of collaborative learning with the
objective of enhancing the accuracy of predictions. The
precise concept behind boosting is that you should start with
an algorithm that is referred to as a poor learner, meaning it
is just marginally higher quality than chance guesswork. Over
time, the algorithm gets better by fixing the mistakes made
by the prior model at each stage. GB begins with a poor
learner, usually a DT, and continuously refines this starting
learner by accounting for the inaccuracy of the preceding
models at each stage. GB has become considered among the
most successful algorithmic learning strategies available. The
most common form of boosting progressively advertises a
single DT as time by using trees of choices. Higher accuracy
is the result of the model’s effectiveness being gradually
improved by this sequential change. There are many kinds

of GB available. The gradual boosting version used in this
investigation relies on [32].

3.3.7. DT algorithm

The DT Algorithm is a supervised learning method for
classification and regression. It splits data into subsets based
on attribute values, forming a tree-like structure of decisions
and outcomes. Metrics, such as entropy and information
gain [33]. The entropy value is calculated using the formula
in Equation 3, when S is representing a specific set, A is one
of the attributes, the number of divisions for attributes is n,
(|Si]) is the quantity of instance in partition (i), finally |S|
is the sum of the instance in (S).

Gain(S, A) = 2% entropy (Si) 3)

i=1

3.4. Proposed Method

The proposed method, illustrated in Fig. 2, flowchart for
the Proposed System, outlines a comprehensive approach to
heart disease prediction using ML. The process begins with

&

Data
COLLECTION

Data Preprocessing

Apply Stratify I

Balanced
Data

G

Unbalanced
Data

Split Data into
Training and Testing Training
80%
Testing
20%

608686

Machine Learning Classifier

Fig. 2. Flowchart for the proposed system.
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TABLE 4: Performance evaluation of machine learning algorithms on the UCI dataset

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 79.51219 0.80234 0.7937867 0.45313 0.2048780
RF 98.53658 0.98578 0.9853637 0.06658 0.0146341
SVM 88.78048 0.89226 0.8874512 0.25314 0.1121951
GNB 80.00000 0.81050 0.7981741 0.66268 0.2000000
GB 93.17073 0.93235 0.9316748 0.19782 0.0682926
KNN 83.41463 0.83869 0.8335281 0.25111 0.1658536
DT 98.5365 0.98578 0.985363 0.5274 0.014634

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

data collection from three sources: UCI, HD, and UCI-HD
datasets, ensuring a diverse and robust dataset. This data
undergoes pre-processing to clean and normalize it, addressing
issues, such as missing values, noise, and inconsistencies to
prepare it for analysis. The next step involves applying
the data. For balanced datasets, a stratification process is
applied to ensure even class distribution, reducing bias. For
unbalanced datasets, the data are split into training (80%) and
testing (20%) subsets, enabling effective model evaluation.
The processed data are fed into a ML classification pipeline
consisting of algorithms, such as LR, RE, SVM, GNB, GB,
KNN, and DT. These classifiers are trained on the dataset
to build predictive models. Finally, the system undergoes an
evaluation phase, classifying outcomes into two categories:
Heart Disease and Non-Heart Disease, based on the decision
boundary of the classifiers. This robust framework ensures
accurate and fair predictions, with balanced data enhancing
model reliability and unbalanced data reflecting real-world
scenarios.

3.4.1. The importance of stratified sampling in
dataset splitting

Table 4 shows that stratify = y is used in train_test_split,
it ensures that the class distribution in the target labels
(y) is maintained across both training and test sets. This
is particularly useful for imbalanced datasets, where some
classes may have fewer samples than others. The function
groups the data by unique classes in y and splits each class
proportionally into training and testing subsets. This process
ensures that the relative frequency of each class in y remains
consistent. If stratify is not specified, the split is purely
random and may lead to class imbalances in the subsets.

The data processing in this study employs a stratified splitting
method to ensure that the class distribution of the target
labels is preserved across both training and testing subsets.
The dataset is split into two parts: A training set and a
testing set, with the proportion for the testing set specified
by the test_size parameter (20%). The random_state seed
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# Inputs:

# x: Feature dataset (0 to N)

#y: Target labels indicating Heart Disease Status (0: No, 1: Yes)

# test_size: Proportion of the dataset to be used for testing (e.g., 0.20 for 20%)
# random_state: Seed for reproducibility (e.g., 42)

# stratify: Use target labels to maintain class distribution (typically set to 'y")

# Output:
# x_train, x_test: Feature subsets for training and testing
#y_train, y_test: Corresponding labels

# Description:
# Function to split the dataset into training and testing sets.
# If stratification is applied, it both sets maintain the original class distributi

FUNCTION train_test_split(x, y, test_size, random_state, stratify):
SET seed = random_state
SET test_size_ratio = test_size

IF stratify is provided:
GROUP the data in x and y by the unique classes in 'stratify"
SPLIT each class group into training and testing subsets with the same class proportions
COMBINE all stratified subsets into final ing and testing sets
ELSE:
RANDOMLY shuffle x and y using the seed
SPLIT the shuffled data into training and testing sets based on test_size_ratio

RETURN x_train, x_test, y_train, y_test
END

Fig. 3. Stratified dataset splitting for training and testing.

ensures that the data split is reproducible. If the stratify
option is enabled, the dataset is grouped by unique target
label classes, and each group is split into training and testing
sets while maintaining the original class proportions. These
stratified splits are then combined into the final training and
testing sets. If stratification is not applied, the function will
randomly shuffle and split the data based on the test_size
ratio. This stratified methodology ensures that the subsets are
representative of the overall dataset, preserving the balance
of target labels in both training and testing sets, which is
critical for training accurate ML models. Fig, 3 illustrates the
stratified dataset splitting for training and testing,

4. RESULTS

According to the methodology of this study, the datasets
have been compared based on the comparative parameters
for each algorithm described in subsection one. Notably, the
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results for each dataset are presented and the modifications
evaluated are illustrated in subsection two.

4.1. Comparative Parameters

The performance of the proposed model was evaluated
using the UCI, HD, and Combined (UCI-HD) datasets,
which provide comprehensive information on CVD. After
dividing the data, the model was trained and tested using
algorithms such as LR, RF, GNB, GB, SVM, DT, and KINN.
The algorithm with the highest efficiency was identified by
analyzing performance metrics, including accuracy, precision,
F1-score, and logarithmic loss. Accuracy, which measures
the percentage of correctly classified samples, was calculated
using the formula derived from the confusion matrix. This
formula, referred to as equation 4, quantifies the model’s
ability to classify CVD cases accurately across different
datasets.

TP +TN

Accuracy = @
TP+TN + FP + FN

Precision evaluates the accuracy of a classifier by compating
the number of true positives (ITP) in the actual data to the
number of predicted TP. This measure of accuracy is essential
for assessing the performance of the proposed method, as
calculated mathematically according to equation 5.

Precision = _1r 5)

TP + FP

F1-Score: The Fl-score is a statistical metric used to evaluate
the performance of a classification model. It provides a
balanced assessment by calculating the harmonic mean of
precision and recall. This single metric considers both recall
and precision, offering a comprehensive evaluation of model
performance. The Fl-score is calculated as the harmonic
mean of these two values, with the formula for the F-measure
represented in equation 6.

2% (Premz'oﬂ * Recall )
Precision + Recall

F — measure = 6)
The performance of a classifier can be effectively represented
and evaluated using a confusion matrix. TP represents the
number of individuals correctly identified as having the
disease. True Negatives represent the number of individuals
correctly identified as not having the disease. False Positives
(I'P) represent the number of healthy individuals who are
incorrectly diagnosed with the disease. False Negatives
(FN) occur when individuals with the disease are incorrectly
classified as healthy.
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4.2. Evaluative Results

The datasets are utilized to identify the most effective
model for predicting cardiovascular disease in patients. This
investigation is based on established algorithms commonly
used in healthcare predictions. The nominated model
demonstrated particularly strong performance in specific
cases, making it a valuable tool for professionals in diagnosing
this condition. All issues, comparisons, and outcomes are
thoroughly illustrated in the subsequent tables.

Table 4 shows the performance evaluation of ML algorithms
on the UCI dataset reveals notable differences in accuracy,
precision, Fl-score, log loss, and error rate. RF and DT
achieved the highest accuracy (98.54%) and precision
(0.9858), indicating superior performance. GB followed
with 93.17% accuracy and balanced metrics, while SVM
demonstrated strong results with an 88.78% accuracy. LR
and GNB showed moderate performance, with accuracy
values of 79.51% and 80%, respectively. KNN achieved
83.41% accuracy but slightly higher error rates compared
to top-performing models. RF and DT stand out as optimal
models for the dataset due to their low error rates (1.46%)
and minimal log loss. These findings highlicht REF and DT
as robust classifiers for this dataset.

A comparison of error rates among seven ML algorithms,
such as LR, DT, GNB, KNN, GB, RE, and SVM, is presented
in Fig. 4. Among these, RF demonstrated the lowest error
rate, showcasing its effectiveness and robustness for this
dataset. GB and SVM also achieved strong results, with
error rates slightly higher than that of RE LR and GNB
showed moderate performance, whereas KNN had a higher
error rate. While the DT performed competitively, it was
outperformed by the ensemble methods. Overall, ensemble

020{ @ )

Error Rate

£ @ S ® &
N N & & & &
Algorithms

Fig. 4. Comparison of error rates for machine learning algorithms on
UCI dataset.
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TABLE 5: Performance metrics of classification algorithms on the UCI dataset using stratified sampling

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 80.97561 0.822476 0.807244 0.348282 0.190244
RF 100.00000 1.00000 1.00000 0.05885 0.00000
SVM 92.68293 0.927144 0.926787 0.178714 0.073171
GNB 82.92683 0.831469 0.828754 0.506077 0.170732
GB 97.56098 0.975649 0.975606 0.156275 0.02439
KNN 86.34146 0.863618 0.863434 0.216995 0.136585
DT 98.53659 0.985792 0.985368 0.527468 0.014634

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

models, especially RE, proved to be the most effective for
this dataset.

To modify these algorithms as stated, a stratified procedure
was employed. Table 5 presents the performance metrics
of various classification algorithms applied to the UCI
dataset using stratified sampling. The RF algorithm achieved
perfect scores across all metrics, with 100% accuracy and
zero error rates. DT closely followed with 98.54% accuracy
and an error rate of 1.46%. GB performed impressively
with 97.56% accuracy. SVM showed 92.68% accuracy,
while KNN and GNB achieved accuracies of 86.34% and
82.93%, respectively. LR exhibited the lowest accuracy among
the models at 80.98%. Overall, RF demonstrated superior
performance, while LR lagged behind.

Moreover, Fig. 5 shows a comparison of error rates for
various ML algorithms applied to the UCI dataset using
stratified sampling. RF and DT achieve the lowest error
rates, indicating the best performance among the evaluated
methods. GB also exhibits a relatively low error rate,
demonstrating strong predictive capabilities. SVM and KINN
fall in the mid-range of error rates. LR and GNB show higher
error rates, reflecting comparatively weaker performance.
This comparison underscores the effectiveness of RE, DT,
and GB in minimizing prediction errors.

Table 6 presents the performance metrics of various
classification algorithms applied to the UCI dataset using
k-fold cross-validation. LR achieved the highest accuracy of
84.16%, along with the best precision (0.8472) and F1-score
(0.8392). RF followed with an accuracy of 81.52%, while
SVM slightly outperformed RF in terms of precision (0.8292)
and Fl-score (0.8188), despite a marginally lower accuracy
of 82.17%. GNB and GB exhibited similar performances,
both with around 80.84% and 80.87% accuracy, respectively.
KNN had a lower accuracy of 79.85% and the highest log
loss (1.751), indicating weaker performance compared to
other models. DT demonstrated the lowest accuracy (72.89%0)
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Fig. 5. Comparison of error rates for machine learning algorithms using
stratified sampling on UCI dataset.

and the highest log loss (9.773), making it the least effective
model in this comparison. Overall, LR emerged as the most
robust classifier, balancing accuracy, precision, and F1-score,
while DT exhibited the weakest performance due to its high
error rate and log loss.

Fig. 6 illustrates the error rates of various ML algorithms
applied to the UCI dataset using k-fold cross-validation. The
algorithms compared include LR, DT, GNB, KNN, GB, RE,
and SVM. The error rate is plotted on the y-axis, while the
different algorithms are labeled along the x-axis. For clarity,
each algorithm is represented by a distinct color. The DT
exhibits the highest error rate among the models, while LR
achieves the lowest. The remaining models demonstrate
relatively similar error rates, with slight variations. These
results provide insights into the comparative performance of
different classifiers on the given dataset, helping to determine
the most effective model for classification tasks.

The performance metrics of classification algorithms on
the HD dataset are shown in Table 7. KNN achieved the
highest accuracy (90.16%) and the lowest error rate (9.83%),
making it the top-performing algorithm in this study. SVM
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TABLE 6: Performance metrics of classification algorithms on the UCI dataset using k-fold cross-validation

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 84.15847 0.847168 0.839233 0.408436 0.158415
RF 81.51913 0.819266 0.81326 0.404027 0.184809
SVM 82.17486 0.829186 0.818829 0.420519 0.178251
GNB 80.84153 0.8137 0.806308 0.580949 0.191585
GB 80.86885 0.811012 0.806967 0.476965 0.191311
KNN 79.84699 0.804062 0.794404 1.751016 0.20153
DT 72.88525 0.72869 0.728066 9.773148 0.271148

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

TABLE 7: Performance metrics of classification algorithms on the HD dataset

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 85.2459 0.853076 0.852538 0.364798 0.147541

RF 83.60656 0.836066 0.836066 0.3633 0.163934
SVM 86.88525 0.870862 0.868923 0.345582 0.131148
GNB 86.88525 0.870862 0.868923 0.693538 0.131148
GB 78.68852 0.787537 0.787 0.43882 0.213115
KNN 90.16393 0.903684 0.901692 1.96402 0.098361

DT 75.40984 0.770801 0.75224 8.863193 0.245902

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree
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Fig. 6. Comparison of error rates across algorithms for UCI dataset
using k-fold cross-validation.

and GNB both exhibited strong performance with identical
accuracy (86.89%), precision (0.87), and Fl-score (0.87).
LR also performed well with an accuracy of 85.25%. RF
showed moderate results with an accuracy of 83.61%, while
DT achieved comparatively lower accuracy at 78.69% and
75.41%, respectively. The log loss values for SVM and LR
were notably lower, indicating better calibration, while DT
had the highest log loss, suggesting poorer reliability. These
results position KNN as the most effective classifier for this
dataset, with SVM and GNB following closely behind.

The classification results demonstrate significant performance
variations across different algorithms. KINN achieved the

lowest error rate, highlighting its effectiveness for this dataset.
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Fig. 7. Comparison of error rates across algorithms for HD dataset
classification.

LR also performed well, with relatively low error rates. In
contrast, DT exhibited the highest error rate, reflecting
its lower suitability for this task. RF and GB delivered
intermediate performance, balancing error rates and model
complexity. SVM showed moderate performance, while
GNB lagged behind the top-performing algorithms but
outperformed DT. These findings, as depicted in Fig. 7,
underscore the importance of selecting an appropriate
algorithm to enhance classification accuracy.

The performance metrics of classification algorithms on the
HD dataset using stratified sampling are presented in Table 8,
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TABLE 8: Performance metrics of classification algorithms on the HD dataset using stratified sampling

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 80.32787 0.812564 0.799672 0.438066 0.196721

RF 83.60656 0.858297 0.831266 0.404595 0.163934
SVM 81.96721 0.834563 0.815437 0.425831 0.180328
GNB 81.96721 0.826237 0.817182 0.61126 0.180328
GB 81.96721 0.826237 0.817182 0.449421 0.180328
KNN 80.32787 0.812564 0.799672 2.069169 0.196721

DT 70.4918 0.705287 0.702 10.63583 0.295082

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

highlighting key insights. LR achieved an accuracy of 80.33%,
a precision of 0.813, and an Fl-score of 0.800, with a log
loss of 0.438 and an error rate of 0.197. RI outperformed
others with the highest accuracy of 83.61%, precision of
0.858, and an Fl-score of 0.831, while maintaining a log
loss of 0.405 and an error rate of 0.164. SVM and GB both
reached an accuracy of 81.97%, with comparable precision
and F1-Scores, though GB had slightly better log loss at
0.449. KNN and GNB had identical accuracies of 80.33%
and 81.97%, respectively, but KNN showed significantly
higher log loss at 2.069. DT performed the worst, with an
accuracy of 70.49% and a log loss of 10.6306, reflecting its
limitations compared to other models.

Fig. 8 compares the error rates of various classification
algorithms for the HD dataset using stratified sampling.
DT exhibited the highest error rate, approximately 0.30,
highlighting its relatively poor performance. LR, KNN,
and GNB demonstrated similar error rates around 0.20,
indicating moderate performance. GB, REF, and SVM achieved
lower error rates, with RF standing out as the most accurate
model, achieving an error rate of approximately 0.16. This
emphasizes the effectiveness of ensemble methods, such as
RF and GB in reducing classification errors compared to
simpler models such as DT.

Table 9 presents the performance metrics of various
classification algorithms evaluated on the HD dataset using
k-fold cross-validation. The DT algorithm achieved the
highest performance, attaining 100% accuracy, precision,
and Fl-score, with a log loss of 0 and an error rate of 0.
RE closely followed, exhibiting an accuracy of 99.61%,
precision of 0.9962, and an Fl-score of 0.9961, with
minimal log loss (0.0516) and a very low error rate (0.0039).
GB also demonstrated strong performance, achieving
97.17% accuracy, a precision of 0.9722, and an Fl-score
of 0.9717, with a log loss of 0.1364 and an error rate of
0.0283. The SVM classifier achieved an accuracy of 92.39%
and a precision of 0.9241, with an F1-score of 0.9239 and
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Fig. 8. Comparison of error rates across algorithms for HD dataset
classification using stratified sampling.

a moderate log loss of 0.1991. LR and KNN exhibited
comparable performance, with 84.59% and 83.61% accuracy,
respectively. LR showed a slightly higher precision (0.8506)
and F1-score (0.8451) compared to KNN (0.8380 precision,
0.8359 F1-score). GNB recorded the lowest accuracy
(82.63%0) and the highest log loss (0.5122), indicating weaker
reliability than other models. Overall, DT and RF emerged
as the most effective classifiers, with GB also demonstrating
competitive performance.

Fig. 9 presents a comparative analysis of the error rates for
various ML algorithms applied to the HD dataset using
k-fold cross-validation. The x-axis represents different
algorithms, including LR, DT, GNB, KNN, GB, RE, and
SVM. The y-axis denotes the corresponding error rates.
For clarity, each algorithm is represented by a distinct color.
The results indicate that DT exhibits the lowest error rate,
demonstrating its strong classification performance for this
dataset. In addition, RF and GB also show relatively low error
rates, reinforcing the effectiveness of ensemble methods.
Conversely, GNB and KNN yield higher error rates, while
LR and SVM fall in between. These findings highlight the
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TABLE 9: Performance metrics of classification algorithms on the HD dataset using k-fold cross-validation

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 84.58537 0.850558 0.845109 0.362773 0.154146
RF 99.60976 0.996248 0.996098 0.051581 0.003902
SVM 92.39024 0.924054 0.923882 0.199138 0.076098
GNB 82.63415 0.828886 0.825682 0.512226 0.173659
GB 97.17073 0.97216 0.971708 0.136384 0.028293
KNN 83.60976 0.837965 0.835948 0.222265 0.163902
DT 100 1 1 0 0

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

TABLE 10: Performance metrics of classification algorithms on the UCI-HD dataset

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 83.08271 0.838173 0.829144 0.377472 0.169173
RF 100.00000 1.000000 1.000000 0.025382 0.000000
SVM 92.85714 0.930338 0.928379 0.183863 0.071429
GNB 82.70677 0.832169 0.825731 0.543392 0.172932
GB 96.99248 0.970311 0.969898 0.128287 0.030075
KNN 94.73684 0.94913 0.947392 0.129948 0.052632
DT 100.0000 1.0000 1.0000 2.22E-16 0.000000

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

performance variations among different models and suggest
that DT is particularly well-suited for this dataset.

Significantly, this model was modified to show that the
combination of these two datasets atfected its performance.
Therefore, Table 10 presents the performance metrics of
various classification algorithms on the UCI-HD dataset,
offering insights into their effectiveness. DT and RF both
achieved perfect performance with 100% accuracy, precision,
and Fl-score, along with zero error rates and minimal log
loss. GB exhibited excellent results, with 96.99% accuracy and
a precision of 0.970, followed by KNN at 94.73% accuracy.
SVM showed strong performance, achieving 92.86% accuracy
and a log loss of 0.1838. LR and GNB demonstrated
moderate effectiveness, with accuracies of 83.08% and
82.71%, respectively. The table highlights the dominance of
ensemble methods and DT in classification tasks.

The error rates of various ML algorithms applied to the UCI
Heart Disease (UCI-HD) dataset are illustrated in Fig. 10.
RI and DT achieved the lowest error rates, showcasing
their strong predictive performance. GB also performed
competitively, with slightly higher error rates. KNN algorithm
demonstrated moderate accuracy, while LR and GNB
produced comparatively higher error rates, indicating reduced
effectiveness.

The results cleatly determine the performance metrics of
various classification algorithms applied to the UCI-HD
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using k-fold cross-validation.
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Fig. 10. Comparison of error rates for machine learning algorithms on
the UCI-HD dataset.

dataset using stratified sampling, as shown in Table 11.
DT and RF achieved perfect results, with 100% accuracy,

161



Mawlood, et al.: Stratified ML Models for CVD Prediction

TABLE 11: Performance metrics of classification algorithms on UCI-HD dataset using stratified sampling

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 84.58647 0.847779 0.845358 0.352075 0.154135
RF 100.00000 1.000000 1.000000 0.021479 0.000000
SVM 95.11278 0.95114 0.95112 0.140181 0.048872
GNB 84.21053 0.842237 0.84198 0.47266 0.157895
GB 98.1203 0.981225 0.9812 0.12264 0.018797
KNN 96.61654 0.96678 0.966129 0.116318 0.033835
DT 100.00000 1.000000 1.000000 2.22E-16 0.000000

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

precision, and Fl-score, and zero error rates. GB and KNN
also demonstrated high performance, with accuracies of
98.12% and 96.62%, respectively. SVM showed strong results,
achieving 95.11% accuracy. LR and GNB exhibited moderate
performance, with accuracies of 84.59% and 84.21%. The
metrics highlight the superior predictive capabilities of
ensemble models, such as RF and DT.

The results indicate that for the stratified modification, the
error rates of various classification algorithms applied to
the UCI-HD dataset using stratified sampling are illustrated
in Fig. 11. The comparison reveals that SVM achieved the
lowest error rate, indicating its superior performance in
accurately classifying the dataset. RF and GB also exhibited
competitive error rates, showcasing their effectiveness in
handling the dataset’s complexity. Conversely, algorithms such
as GNB demonstrated relatively higher error rates, suggesting
challenges in capturing the underlying data patterns. The
stratified sampling methodology ensured balanced class
representation, which contributed to the robustness of the
evaluation. These results emphasize the need for selecting
appropriate algorithms for high-stakes applications, such
as heart disease prediction, where classification accuracy is
paramount.

Table 12 presents the performance metrics of various
classification algorithms evaluated on the UCI-HD dataset
using k-fold cross-validation. The DT and RF classifiers
achieved perfect accuracy (100%) with an error rate of 0,
demonstrating their strong predictive capabilities. The GB
classifier followed closely with an accuracy of 98.12%, a
precision of 0.981, and an Fl-score of 0.981, indicating
robust performance. The SVM model also exhibited high
accuracy (94.88%) and precision (0.949), while KNN
performed slightly lower with an accuracy of 93.53%. LR and
GNB recorded relatively lower accuracy scores of 85.16%
and 82.91%, respectively, with GNB having the highest log
loss value (0.5147), indicating more significant uncertainty
in its predictions. DT achieved the lowest log loss among all
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Fig. 11. Comparison of error rates across algorithms for UCI-HD
dataset classification using stratified sampling.

models, emphasizing its reliability. Overall, ensemble-based
methods (RF and GB) outperformed other classifiers in terms
of accuracy and precision, highlighting their effectiveness in
heart disease classification.

Fig. 12 presents a comparative analysis of the error rates
for different ML algorithms on the UCI-HD dataset using
k-fold cross-validation. The x-axis represents the algorithms
evaluated, including LR, DT, GNB, KNN, GB, RF, and
SVM. The y-axis denotes the corresponding error rates. Each
algorithm is color-coded for clarity, as shown in the legend.
The results indicate that RF and GB achieved the lowest
error rates, suggesting superior predictive performance, while
GNB and LR exhibited higher error rates. The variability in
error rates highlights the importance of model selection in
achieving optimal classification performance on this dataset.

5. DISCUSSION

There are differences in the evaluation models and results
obtained from the combined datasets or stratified algorithms
compared to previous studies on the same datasets. All
relevant studies are referenced in the background review.
However, the variations in performance highlight the superior
results achieved by specific algorithms, as noted.
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TABLE 12: Performance metrics of classification algorithms on the UCI-HD dataset using k-fold cross-validation

Algorithm Accuracy Precision F1-score Log loss Error rate
LR 85.16385303 0.857201168 0.850471332 0.361969257 0.14836147
RF 100 1 1 0.020635519 0

SVM 94.87955738 0.949310038 0.948753901 0.15644934 0.051204426
GNB 82.90707902 0.830871801 0.828611865 0.514689846 0.17092921
GB 98.11717974 0.981378517 0.981166354 0.123583547 0.018828203
KNN 93.52617393 0.936109038 0.935228791 0.1410065 0.064738261
DT 100 1 1 0 0

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

Table 13 presents the accuracy of several classification
algorithms across the UCI, HD, and combined UCI-HD
datasets. LR achieved accuracies of 79.512%, 85.246%,
and 83.083% for the UCI, HD, and UCI-HD datasets,
respectively. RF demonstrated the highest accuracy on the
UCI dataset (98.537%) but showed a decline on the HD
dataset (83.607%), achieving a perfect accuracy of 100%
on the combined dataset. SVM recorded 88.78% for UCI,
83.607% for HD, and 92.857% for UCI-HD. GNB achieved
80% on UCI, 86.885% on HD, and 82.707% on the combined
dataset. GB performed with 93.171% on UCI, 78.689% on
HD, and 96.992% on UCI-HD. KNN achieved 83.415%
on UCI, 90.164% on HD, and 94.737% on the combined
dataset. Finally, DT reached an accuracy of 98.537% on UCI,
75.41% on HD, and 100% on UCI-HD. Overall, RF and
DT demonstrated the best performance on the combined
UCI-HD dataset, achieving perfect accuracy. However, other
algorithms, such as GB and KNN, also showed notable
effectiveness across the datasets.

The comparison in Table 14 highlights the impact of
using stratification on algorithm accuracy with the UCI
dataset. Without stratification, the accuracy varied across
algorithms, with DT and RF achieving the highest accuracies
at 98.537%, reflecting their strong classification capabilities.
GB also performed well at 93.171%, while SVM, KNN,
and GNB exhibited moderate accuracies of 88.780%,
83.415%, and 80%, respectively. LR showed the lowest
accuracy at 79.512%, indicating potential limitations with
non-stratified data. Stratification improved accuracy for
most algorithms, ensuring better representation of class
distributions during training. RF achieved a perfect 100%
accuracy with stratification, while GB, SVM, and KNN also
demonstrated significant gains. DT performance remained
constant, indicating minimal dependency on class distribution
in this case.

Table 15 compares algorithm accuracies on the HD dataset
with and without stratified sampling. Most algorithms
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TABLE 13: Accuracy of classification algorithms
on UCI, HD, and combined UCI-HD datasets

Algorithm  Accuracy UCI Accuracy HD Accuracy UCI-HD

LR 79.512 85.246 83.083
RF 98.537 83.607 100

SVM 88.78 83.607 92.857
GNB 80 86.885 82.707
GB 93.171 78.689 96.992
KNN 83.415 90.164 94.737
DT 98.537 75.41 100

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian
Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

TABLE 14: Comparison of algorithm accuracies
with and without stratification according to the
UCI dataset

Algorithm Accuracy Accuracy (Stratify=y)
LR 79.512 80.976

RF 98.537 100.000

SVM 88.780 92.683

GNB 80.000 82.927

GB 93.171 97.560

KNN 83.415 86.341

DT 98.537 98.537

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian
Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree
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Fig. 12. Comparison of error rates across algorithms for the UCI-HD
dataset using k-fold cross-validation.
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showed a decline in accuracy with stratified sampling, such
as KNN (90.164-80.328%) and LR (85.246—80.328%),
indicating sensitivity to data redistribution. RF maintained
consistent accuracy (83.607%) across both cases, showcasing
its robustness. GB slightly improved (78.689—81.967%),
suggesting enhanced generalization. Other algorithms, such
as SVM and GNB, experienced moderate declines, indicating
varied sensitivity. These results highlight that stratified
sampling impacts algorithms differently, emphasizing the
need for careful evaluation of sampling strategies for optimal
performance.

The results in Table 16 highlight the impact of stratified
sampling on algorithm accuracy when applied to the UCI-HD
dataset. The majority of algorithms show an improvement in
accuracy with stratified sampling, notably LR, which increases
from 83.083% to 84.586%, and GNB, which improves
from 82.707% to 84.211%. Similarly, KINN shows a notable
increase from 94.737% to 96.617%, and GB improves
from 96.992% to 98.120%. SVM also sees an increase from
92.857% to 95.113%. In contrast, DT and RI algorithms
maintain their perfect accuracy of 100% with and without
stratification. These findings suggest that stratified sampling
can provide slight accuracy enhancements, particularly for
algorithms that initially perform below perfect accuracy, while
having no effect on algorithms already achieving optimal

TABLE 15: Algorithm accuracies: Comparison
with and without stratified sampling HD dataset

Algorithm Accuracy Accuracy (Stratify=y)
LR 85.246 80.328
RF 83.607 83.607
SVM 83.607 83.607
GNB 86.885 81.967
GB 78.689 81.967
KNN 90.164 80.328
DT 75.410 70.492

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian
Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

TABLE 16: Algorithm accuracies: Comparison with
and without stratified sampling UCI — HD dataset

Algorithm Accuracy Accuracy (Stratify=y)
LR 83.083 84.586

RF 100 100

SVM 92.857 95.113

GNB 82.707 84.211

GB 96.992 98.120

KNN 94.737 96.617

DT 100 100

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian
Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree
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results. This suggests the potential of stratified sampling
to improve model performance, especially for classifiers
sensitive to class imbalances.

In previous experiments with the UCI and HD datasets,
several machines learning algorithms, including LR, RE,
SVM, GNB, and KNN, were evaluated. For the UCI dataset,
R achieved the highest accuracy of 98.53%, followed by
SVM at 87.31%. LR reached an accuracy of 82.92%, while
KNN recorded 81.95%. GNB showed the lowest accuracy at
74.63% [34]. Notably, our modifications resulted in improved
accuracy across these models compared to previous results.

Table 17 presents the classification accuracy of seven
algorithms, LR, RE, SVM, GNB, GB, KNN, and DT,
evaluated on the UCI, HD, and combined UCI-HD datasets
using stratified sampling. Among these, RF and DT achieved
perfect accuracy (100%) on both the UCI and UCI-HD
datasets, indicating excellent performance. SVM also
delivered strong results, with accuracy scores of 92.68% on
UCI and 95.11% on UCI-HD, closely followed by GB with
97.56% and 98.12%, respectively.

However, DT showed a sharp decline in performance on
the HD dataset, recording the lowest accuracy of 70.49%,
while RF maintained a comparatively higher score of 83.61%.
This suggests that the HD dataset introduced more complex
classification challenges for tree-based models. Overall, the
combined UCI-HD dataset resulted in improved accuracy
for most algorithms, demonstrating the advantage of data
integration. LR, GNB, and KNN exhibited moderate yet
stable performance across all datasets, with accuracies ranging
from 80.33% to 96.62%. These findings underscore the
superior generalization ability of ensemble methods such
as RIF and GB, particularly when applied to enriched and
well-balanced datasets.

The exceptionally high accuracy (100%) observed for the
RF and DT models, particularly on the combined UCI-HD
dataset with stratified sampling, may initially raise concerns
of overfitting. However, several factors inherent to the study
provide a reasonable justification for this performance. First,
the application of stratified sampling ensured balanced class
representation across both training and testing sets, thereby
minimizing the risk of class imbalance-related bias. Second,
the datasets underwent rigorous pre-processing, which
eliminated missing values and ensured well-defined feature
distributions, likely enhancing the learning capacity of tree-
based algorithms. Third, the combined dataset incorporated
consistent features from two closely related sources
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TABLE 17: Accuracy of classification algorithms on UCI, HD, and combined UCI-HD datasets using

stratified sampling

Algorithm Accuracy UCI (Stratify=y) Accuracy HD (Stratify=y) Accuracy UCI-HD (Stratify=y)
LR 80.976 80.328 84.586

RF 100.000 83.607 100

SVM 92.683 83.607 95.113

GNB 82.927 81.967 84.211

GB 97.560 81.967 98.120

KNN 86.341 80.328 96.617

DT 98.537 70.492 100

LR: Logistic regression, RF: Random forest, SVM: Support vector machine, GNB: Gaussian Naive Bayes, GB: Gradient boosting, KNN: K-nearest neighbors, DT: Decision tree

(UCI and HD), which may have facilitated more distinct
classification boundaries. Moreover, the RE, as an ensemble
method, mitigates overfitting by averaging the outputs of
multiple decorrelated DTs. While perfect accuracy warrants
cautious interpretation, the results remained consistent across
various datasets and sampling techniques, suggesting that
the model’s performance is robust rather than indicative
of data memorization. Nonetheless, to further confirm
generalizability, additional validation on external datasets or
through k-fold cross-validation would be a valuable next step
in future work. It is also possible that data augmentation was
employed to prevent overfitting,

The study evaluated M. models for CVD prediction, showing
distinct performance patterns. Ensemble models, such as
RE, GB, and DT were top performers, with RF achieving
perfect accuracy, especially using stratified sampling.
Stratification was crucial for improving SVM and GNB by
maintaining class balance and reducing bias. LR showed
moderate performance due to its linear limitations, while
SVM excelled in high-dimensional spaces. KNN performed
well on smaller datasets but struggled with larger, complex
ones. GNB was competitive but limited by its Gaussian
assumptions. Combining UCI and HD datasets enhanced
performance for all models, especially ensemble methods. RE
and DT achieved 100% accuracy on the combined dataset.
Despite perfect accuracy, safeguards, such as pre-processing
and stratification minimized overfitting risks. The findings
highlight the value of ensemble methods, dataset integration,
and stratified sampling, suggesting future work on hybrid
models and real-world validation.

Fig. 13 displays the classification accuracy of seven ML
algorithms, LR, RE, SVM, GNB, GB, KNN, and DT,
evaluated using k-fold cross-validation. Performance is
compared across three datasets: UCIL, HD, and their merged
variant (UCI-HD). Notably, RF and DT achieved perfect
accuracy (100%) on the HD and UCI-HD datasets, while
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LR and SVM demonstrated consistently high performance
across all datasets. The figure highlights the impact of dataset
variation on model accuracy, underscoring the robustness of
ensemble methods, such as RF and GB.

Fig. 14 illustrates the Receiver Operating Characteristic (ROC)
curves for all evaluated classification models, providing a
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Fig. 15. Confusion matrix comparison of ML models.

visual comparison of their diagnostic performance. The Area
Under the Curve (AUC) metric is presented for each model,
with higher values indicating better discriminative ability.
Ensemble methods, such as DT, GB, and RF achieved perfect
classification performance with an AUC of 1.00. The KNN
and SVM models also demonstrated excellent performance
with AUCs of 0.99 and 0.98, respectively. LR and GNB
had slightly lower AUCs of 0.93 and 0.92, but still showed
strong classification capability. Overall, the ROC analysis
confirms the superior performance of ensemble methods
and supports their robustness in distinguishing between
classes with minimal false positive rates.

The comparative analysis of confusion matrices, as illustrated
in Fig. 15, reveals substantial differences in classification
performance across the evaluated models. Both DT and RF
classifiers achieved perfect predictive accuracy (100%) with
F1-scores of 1.00, indicating zero misclassifications for both
negative (class 0) and positive (class 1) instances, 128 and
138 samples, respectively. GB also demonstrated exceptional
performance, attaining an accuracy of 98.9% and an Fl-score
of 0.989, with only five misclassifications (three FP and two
FN). Similarly, the KNN classifier performed strongly, with
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97.8% accuracy and a 0.978 Fl-score, misclassifying seven
negative and two positive cases.

The SVM model yielded commendable results with 96.9%
accuracy and a 0.969 Fl-score, though it incurred slightly
higher misclassification rates (seven FP and six FN). In
contrast, LR and GNB underperformed relative to the
other models. LR achieved 89.9% accuracy and a 0.896 F1-
score, misclassifying 26 negative and 15 positive instances.
GNB recorded the lowest performance, with an accuracy
of 87.0% and an Fl-score of 0.873, resulting in 42 total
misclassifications.

These results, as depicted in Fig. 15, underscore the superiority
of ensemble methods, particularly RF and GB, in effectively
capturing complex patterns within the dataset. Conversely,
simpler linear (LR) and probabilistic GNB models may be
less capable in such high-dimensional classification tasks.

6. CONCLUSION

CVD remains a leading cause of mortality worldwide,
emphasizing the critical need for early diagnosis and
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intervention. If the symptoms of heart disease are not
promptly identified and treated, the condition can escalate
into life-threatening scenarios. Artificial intelligence has been
effectively utilized for CVD prediction, with advancements
promising increasingly accurate forecasts based on historical
medical data. Despite significant progress in this domain,
continuous enhancements in predictive methodologies are
essential and highly encouraged.

In conclusion, these modifications improved CVD prediction
by utilizing seven ML algorithms: LR, RE, SVM, GNB, GB,
KNN, and DT. By analyzing medical histories of patients
with severe heart conditions, the models classified individuals
based on their risk of developing CVD. The models were
trained and tested on datasets containing factors such as
chest discomfort, high blood pressure, and cardiac arrest.
To ensure robustness, evaluations were performed with
and without the stratify parameter. The results revealed that
the DT and RF algorithms consistently achieved the peak
accuracy rates, with both models reaching 100% accuracy
on the combined dataset. Besides, the stratified technique
enhanced the accuracy across all methods. These findings
emphasize the critical role of sufficient training data and
stratification in improving predictive performance. They also
highlight the potential of Al-driven tools to assist healthcare
professionals in making faster and more accurate diagnoses,
ultimately lowering costs and enhancing patient outcomes.
The results represent a significant advancement in the field
by achieving higher accuracy rates than previous studies,
setting a standard for the practical application of ML in CVD
prediction. Among the tested methods, DT and RF emerged
as the most reliable, highlighting the efficiency of ensemble
learning techniques in clinical applications.

This research inspires future work to explore integrating
additional datasets, refining algorithms, and developing
real-time prediction systems to further advance the field. In
addition, the combined dataset (UCI-HD) was tested using
novel classifier metaheuristic algorithms, such as the fitness

dependent optimizer (FDO) [35], [36].
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ABSTRACT

Traffic congestion is a significant issue in urban road networks, particularly in Amman, where peak hours cause major
delays for commuters. Developing an advanced traffic management system is essential to helping residents save time,
reduce congestion, and alleviate traffic jams. To address this challenge, we have implemented a simulation model powered
by machine learning techniques to effectively and accurately manage traffic flow on Amman’s streets. This innovative
system leverages real-world data from the Jordanian capital to dynamically optimize traffic control. By automating
traffic management processes, the model aims to reduce congestion while easing the workload of traffic personnel. This
approach promises to enhance urban mobility and contribute to building a smarter and more efficient traffic management
infrastructure in Amman, ensuring a better quality of life for its residents. After implementing the metering strategy, the
traffic flow became more balanced, with less congestion and smoother transitions between intersections. The metering
points effectively regulated the entry of vehicles into the circles, preventing congestion buildup and improving overall

traffic efficiency.

Index Terms: Traffic Congestion, Machine Learning, Simulation, Aimsun Software

1. INTRODUCTION

Traffic congestion in Amman is a complex issue driven by rapid
urbanization, population growth, and an aging road network
unable to meet the city’s evolving transportation demands.
The primary cause of this congestion lies in the imbalance
between the road network’s capacity and the increasing traffic
demand. Amman’s road infrastructure, characterized by narrow
thoroughfares and limited lanes, struggles to accommodate the
rising number of vehicles, particulatly during peak hours. This
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challenge is exacerbated by the lack of alternative routes to
divert traffic during periods of high congestion [1].

Implementing an intelligent traffic management system is
critical to addressing this pressing issue. Such a system would
help optimize traffic flow, reduce delays, and alleviate the city’s
road network strain. The main objective of this study is to
reduce the chances of traffic jams forming, This work employs
Aimsun Next to simulate and analyze traffic demand under
different conditions. The model incorporates real-world traffic
data. Aimsun Next is a dedicated microscopic tratfic simulation
software, which helps in detail modeling of traffic flow alongside
vehicle behavior and intersection dynamics for the simulation.

The remainder of this paper is organized as follows:
Section 2 reviews the literature review, Section 3 details the
methodology, Section 4 submits the results and discussions,
and Section 5 argues the findings and conclusions.
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2. LITERATURE REVIEW

Numerous studies have investigated strategies for improving
traffic network systems in the Hashemite Kingdom of Jordan,
its capital Amman, and other regions globally. These studies
primarily aim to optimize traffic networks for better control
and flow management. Naveed ¢74/. [1] demonstrated a system
that used a support vector machine-based linear regression
model. This model enables independent decision-making and
reinforces the decision-making procedures within smart city
wayside infrastructure. Boukerche ef a/. [2] presented traffic
flow prediction procedures using statistical and machine
learning models. Arabiat ¢f a/. |3] employed historical datasets
to forecast traffic congestion. They focused on classifying
the traffic congestion that occurs in the city of Amman, in
particular, the Northbound Street on the 8" Citcle, utilizing
multiple machine learning models. The 8" Circle connects
four main streets: Westbound, Northbound, Eastbound,
and Southbound. Owing to the persistent jams in these
areas, the northbound has been selected to be able to make
a forecast about the congestion of traffic in that section.
Traffic at the Northbound street is connected with 8® Circle,
thus it is a reasonable objective to implement regression for
the prediction of traffic congestion using four classifiers,
including The Logistic Regression, Decision Tree, Random
Forest, and multilayer perceptron. Four trials were conducted
with the aid of the Waikato Environment for Knowledge
Analysis software program, which aimed to identify the most
suitable classifiers to tackle northbound traffic congestion.
The selected classifiers were assessed using their F-measure,
sensitivity, precision, and accuracy metrics. The findings
from all experiments carried out point out that logistic
regression is always the most effective tool in forecasting
future traffic congestion. Jawarneh and Tawil [4] highlighted
Amman’s multifaceted causes of traffic congestion, linking
them to land-use distribution and urban planning challenges,
and provided recommendations for sustainable urban
development. Laanaoui ef al. [5] presented an innovative
approach to urban traffic management, integrating real-
time data processing and machine learning within Vehicular
Ad Hoc Networks. The study addresses the challenges of
increased vehicular density, data complexity, and inefficient
traffic systems in urban environments, proposing a
comprehensive solution aimed at improving traffic flow,
reducing congestion, and enhancing safety. Salloum ez a/. [6]
focused on enhancing network intrusion detection systems
(NIDS) for intelligent vehicle systems by leveraging deep
learning and synthetic data generation. Recognizing the
limitations of traditional NIDS, which rely on static and
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often outdated datasets, the researchers utilized Scapy, a
Python-based network manipulation tool, to create a realistic
and extensive dataset of 100,000 network lows. These lows
encompass a diverse range of benign, malicious, and outlier
traffic patterns, mimicking real-world network scenarios.
The generated dataset was analyzed using a Convolutional
Neural Network, designed specifically for detecting network
intrusions. Sathiyaraj ¢z al. [7] presented a novel framework
to address the persistent issue of urban traffic congestion,
particularly tailored for Indian metropolitan cities. The
proposed smart traffic prediction and congestion avoidance
system incorporates a three-phase methodology: Traffic
identification, prediction, and congestion avoidance.
Leveraging a combination of Poisson distribution and genetic
algorithms, the framework predicts traffic flow, identifies
congestion patterns, and offers optimized solutions to
mitigate delays and enhance fuel efficiency. The system begins
by collecting real-time traffic data through sensors, which
provide key parameters such as vehicle speed, arrival times,
and volume. The Poisson distribution is employed to predict
vehicle arrival rates, categorizing traffic conditions into low,
medium, and heavy states. When congestion is predicted, the
genetic algorithm is activated, optimizing traffic rerouting
decisions based on a fitness function that evaluates energy
efficiency, distance, and safety.

As the research presented in this article utilized traffic data
from a street in Jordan, it is pertinent to explore related
studies conducted in the Jordanian context. Al-Masacid
et al. [8] examined traffic volume prediction for rural (ie.,
intercity) streets in Jordan, specifically the streets between
Amman and Jerash and between Jerash and Irbid. This study
evaluated three prediction methods: linear regression, trend
analysis, and empirical Bayesian analysis. The dataset for this
research included traffic volume records for the selected
streets from 1996 to 2004, provided by the Ministry of Public
Works and Housing of Jordan. The primary objective of the
study was to estimate traffic volumes to support authorities
in making informed decisions regarding street network
planning and construction. Qaddoura and Bani Younes [9]
utilized simulated traffic data from real streets in Jordan
to predict traffic congestion levels in selected scenarios.
The study focuses on streets located in Amman, including
King Abdullah bin Al Hussein II Street, Queen Rania Al
Abdullah Street, and Jordan Street. The machine learning
methods applied in this research include linear regression,
regression trees, and k-nearest neighbors (k-NN) regression.
The features used to train the machine learning models
include vehicle identity, acceleration, angle, distance, lane,
position, signals, slope, speed, x-coordinate, and y-coordinate.
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Jawarneh and Tawil [10] presented explores the application
of machine learning techniques to predict pedestrian
compliance at crosswalks in urban settings within Jordan,
aiming to improve safety and traffic management. Four
distinct machine learning algorithms were employed: artificial
neural networks, support vector machines, decision trees,
and random forests. The analysis revealed that pedestrian
compliance is heavily influenced by local infrastructure and
traffic conditions. Among the models, the random forest
algorithm exhibited the highest accuracy and precision,
making it the most reliable for predicting pedestrian behavior.
The research concludes that integrating such predictive
models into real-time traffic management systems could
dynamically improve pedestrian safety and offer scalable
solutions for broader urban challenges. Al Shafie e a/. [11]
investigated the application of auto-machine learning in
predicting traffic accident severity in Jordan, addressing the
challenges posed by road traffic accidents, which account
for 1.35 million deaths globally each year and are the third
leading cause of death in Jordan. The researchers utilized a
dataset of 115,148 incidents and assessed multiple machine
learning models, including decision trees, random forests,
light gradient boosting machines, gradient boosting, extra
trees, and bagging classifiers. The study employed metrics
such as accuracy, balanced accuracy, recall, precision, and F1-
score to evaluate the performance of these classifiers, both
with and without hyperparameter tuning and down-sampling.

3. METHODOLOGY

3.1. Study Area and Problem Description

This study examines King Abdullah II Street in Amman,
Jotdan, focusing on the segment between the 8" Circle and
Al-Sha’b Circle, which is also known as Business Park Circle.
This corridor is one of the most heavily trafficked areas in
Amman, especially during peak hours. The combination
of high traffic density, the design of the circles, and the
absence of effective traffic management systems results in
considerable delays and frequent traffic congestion [12]. The
analysis targets the morning rush hour (7:30 AM to 8:30 AM)
since it reflects the time with the greatest traffic demand.

3.2. Data Collection

The Greater Amman Municipality supplied historical traffic

data while field observations were used to collect traffic

statistics. The data included:

e Traffic volume: The dataset measures the complete
number of vehicles that traversed the study area in both
northbound and southbound directions. 9,329 vehicles
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flowed from the 8" Circle towards Al-Sha’b Circle during
peak hours, and 7,127 vehicles headed in the opposite
direction during the same time period.

e Traffic composition: This data examines how vehicles
are spread across different categories, such as passenger
cars, along with buses and trucks. The traffic consisted of
passenger cars, which represented 85% of total vehicles,
and buses and trucks which together made up 15%.

e Traffic speed: The evaluation of vehicle speeds during
peak and off-peak periods revealed typical traffic speeds.
Average vehicle speeds fell to 10 km/h during peak hours
but rose to 40 km/h when traffic was lighter.

e Delay times: The total amount of time vehicles waited
atintersections and circles was averaged. Before starting
the metering strategy, vehicles experienced an average
delay time of 120 s at the 8" Citcle and 110 s at Al-Sha’b
Circle.

The Aimsun Next simulation model used collected data to
accurately replicate actual traffic conditions [13].

3.3. Traffic Simulation Model

Aimsun Next served as the microscopic traffic simulation

software, which facilitated detailed modeling of traffic flow

alongside vehicle behavior and intersection dynamics for the
simulation [14]. The simulation model included the following
components:

e Network geometry: A complete model of the road
network between the 8" Circle and Al-Sha’b Circle
was developed with details about lanes, intersections,
and traffic signals. The network segmentation process
involved assigning specific traffic characteristics to each
segment according to field data.

e Traffic demand: Fig 1 shows a traffic demand matrix that
recorded vehicle movement between centroids during the
study period. Real traffic counts, along with assumptions
for areas outside the study zone helped create the
traffic matrix. The assumptions for traffic demand were
obtained using Aimsun Next as the microscopic traffic
simulation software.

e Vehicle behavior: Researchers conducted field
observations to fine-tune the acceleration and deceleration
parameters, along with lane-changing behavior and driver
reaction times. The field observations revealed that
drivers typically reacted in 1.5 s, and passenger cars could
accelerate up to 2.5 m/s squated.

e Traffic control: The model included the current traffic
signal timings and priority rules that govern the circles.
Signal timings were modified to match real-world
conditions observed during peak traffic hours.
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Fig. 1 shows the number of vehicles passing between the
allocated centroids in the study area. The real numbers are
between the 8" Circle and Al-Sha’b Citcle (Business Park
Circle), while the other are assumptions.

3.4. Traffic Metering Strategy

The simulation implemented a traffic metering strategy to
deal with the traffic congestion. The traffic control plan
required setting up metering points at every entrance to both
the 8" Circle and Al-Sha’b Citcle. All metering points required
vehicles to wait for 5 s before granting access to the circle.
Figs. 2-4 display examples of metering points positioned at
key locations, which are:

e The route from Al-Bayader to the 8" Citcle is illustrated
in Fig, 2.

e The route from 7" Citcle to 8" Citcle is illustrated in
Fig. 3.

e The route from Al-Korsi to Al-Sha’b Circle is illustrated
in Fig. 4.

The metering system was created to control vehicle entry

into the circles, which helps to stop congestion from

forming while enhancing traffic movement [15]. Preliminary

simulations demonstrated that a delay value of 5 s would

effectively reduce congestion while avoiding excessive wait

times for drivers.
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Fig. 1. Origin-destination (OD) matrix.

Fig. 2. Sample metering point on the path from Al-Bayader area to 8" circle.
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Fig. 4. Sample metering point along the path from Al-Korsi to
Al-Sha’b circle.

3.5. Simulation Scenarios

e  Baseline scenario: Under this scenario, the existing traffic
conditions were assumed without any metering points.
For peak traffic conditions, the simulation was performed
for 1 h only (from 7:30 AM to 8:30 AM).

e Metering scenario: This scenario included the metering
points in the 8" Citcle and Al-Sha’b Circle The metering
strategy effectiveness was evaluated running the
simulation under the same conditions as the baseline
scenario.

3.6. Evaluation Metrics

The effectiveness of the metering strategy was evaluated

using the following metrics:

e Average delay time: The average time vehicles spent
waiting in traffic at key intersections and circles [16].

e Queue length: The length of vehicle queues at the entry
points to the circles [17].

e Travel time: The total time taken by vehicles to traverse
the study area [18].
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e Traffic flow: The number of vehicles passing through
the study area during the simulation period [19].

e Congestion levels: The reduction in traffic jams and
overall improvement in traffic flow [20].

Meters per second squared (m/s?) is the unit of acceleration.
It demonstrates how a vehicle’s velocity changes over time.
For example, if a vehicle accelerates at 2 m/s? its speed
increases by 2 m/s every second.

4. RESULTS AND DISCUSSION

The baseline scenario showed extreme traffic congestion at
both the 8" Citcle and Al-Sha’b Citcle. The data from the
simulations indicate extensive vehicle queues and notable
delays throughout the peak hour period (Figs. 5-9). For
example:

o 8" circle: Traffic measurements indicate that vehicles
experienced an average waiting time of 120 s while
queues reached lengths of 200 m according to Fig. 5.

e Al-Sha’b circle: The typical wait time reached around
110 s while vehicle lines extended 180 m at Al-Sha’b
Circle as shown in Fig. 6.

e King Abdullah II Street: Traffic patterns along King
Abdullah II Street exhibited irregular flow dynamics,
which resulted in repeated stop-and-go movements and
extended delays as displayed in Figs. 7-9.

These figures conclude that the findings demonstrate that
the current traffic management methods are ineffective and
necessitate actions to alleviate congestion.
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Fig. 7. Traffic conditions at King Abdullah Il Street before metering (Morning Rush Hour).
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Fig. 10. Traffic conditions at 8" Circle after metering.

Traffic conditions underwent substantial enhancements information presented in Figs. 10-14 illustrates the following
after the metering strategy was put into action. The  outcomes.
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Fig. 16. Wide view of King Abdullah Il Street after metering.
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e 8" circle: Metering reduced the average delay time to 60
s from 120 s and the queue length diminished to 100 m
as shown in Fig, 10.

e Al-Sha’b circle: The metering strategy reduced the
average delay time from 110 s to 50 s while shortening
the queue length to 80 m as shown in Fig, 11.

e King Abdullah II Street: The overall traffic pattern
experienced greater stability through fewer congestion
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@ Replication: 11604, Name: Replication 11604 {d95d0e53-0189-4721-07e7-23ceS6dc6ff) 7
Main Outputs to Generate Outputs Summary Validation Time Series Attributes Path Assignment
Copy
Time Series Value Standard Deviation Units
Delay Time - Al 162.01 194.05 sec/km
Delay Time - Car 162.23 195.45 sec/km
Delay Time - Truck 161.05 187.94 sec/km
Densty - Al 4136 N/A veh/km
Denstty - Car 3346 N/A veh/km
Denstty - Truck 79 N/A veh/km
Flowi - All 4031 N/A veh/h
Flow - Car 3282 N/A veh/h
Flow - Truck 749 N/A veh/h
Harmonic Speed - All 16.34 13.18 km/h
Harmonic Speed - Car 1637 13.25 km/h
Harmonic Speed - Truck 16.23 1285 km/h
Input Count - Al 6734 N/A veh
Input Count - Car 5487 N/A veh
Input Count - Truck 1247 N/A veh
Input Flow - Al 6734 N/A veh/h
Input Flow - Car 5487 N/A veh/h
e =

Fig. 18. Simulation summary of car delays in King Abdullah Il Street
before utilizing metering.
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occurtences and smoother movement between
intersections, as shown in Figs. 12-14.

Figs. 15 and 16 demonstrate how tratfic conditions along
King Abdullah II Street significantly improved. The metering
strategy managed vehicle entry into the circles successfully,
as shown by the decreased queue lengths and delay times,
which stopped congestion from developing,

The simulation summary, which includes Figs. 17-20 demonstrates

the delay ime comparison before and after the metering strategy

was applied. Thus, the summary shows that average delay times
noticeably decreased in the study area. For example:

e 8" circle: The study area saw average delay times cut by
half, as they reduced from 120 s to 60 s according to
Figs. 17 and 18.

e Al-Sha’b circle: The metering strategy implementation
led to a 54.5% reduction in delay time from 110 s to 50
s according to Figs. 19 and 20.

These results confirm that the metering strategy effectively
reduced traffic congestion and improved traffic flow.

The study findings show that traffic metering points create
a substantial reduction in congestion for high-traffic areas.
The metering approach reduced congestion and maintained
smooth traffic flow through key intersections by briefly
holding vehicles for 5 s before they entered. The metering
strategy works best on roads that experience high traffic
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Fig. 19. Summary of simulation, average delay time before utilizing
metering.

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1



Al-Shayea and Aljawazneh: Traffic congestion, Machine learning, Simulation, Aimsun software

© Replication: 11629, Name: Replication 11629 { 0822-4516-82c7-46¢ } ? $%
Main Outputs Summary Outputs to Generate ‘Validation Time Series Attributes Path Assignment

Variables E]V. M ¥ Om OF ® Adion

110

100
E 90
~
ke
Q
8 80
S
o
E
= 70
>
)
8 60

50
40-
7:40 AM 7:50 AM 8:00 AM 8:10 AM 8:20 AM 8:30 AM
Delay Time (sec/km)
W Replication 11629
All

o=

Fig. 20. Summary of simulation, average delay time after utilizing
metering.

during rush hour, like King Abdullah II Street in Amman.
By balancing vehicle entry into circles, this metering strategy
achieves success because it reduces the chances of traffic jams
forming. The effectiveness of this strategy varies based on
driver behavior patterns, as well as road conditions and the
availability of alternative routes.

5. CONCLUSION

This research examined the impact of a traffic metering
strategy on reducing congestion along King Abdullah
II Street in Amman, from the 8" Circle to Al-Sha’b
Circle (Business Park Circle). Through field observations
and historical traffic data supported by microscopic
simulation with Aimsun Next, the study analyzed the traffic
conditions before and after metering point implementation.
Traffic improvements emerged through metering strategy
application, which notably decreased delays while enhancing
flow and reducing congestion, specifically during peak hours.
Before introducing metering systems, traffic analysis showed
extreme congestion at the 8" circle with 120-s average delays
and at Al-Sha’b Circle with 110-s delays; both locations
experienced vehicle queues that reached 200 m and 180 m,
respectively. The inconsistent traffic movement that featured
regular stop-and-go patterns demonstrated the shortcomings
of the current traffic control system. The metering approach
manages vehicle entry to essential intersections, which

UHD Journal of Science and Technology | Jan 2025 | Vol 9 | Issue 1

stops congestion from forming and shortens delays while
improving traffic flow efficiency. Future research must
evaluate how metering strategies affect traffic low and
driver behavior alongside road safety over long periods to
determine their lasting viability. In addition, the application of
the metering strategies could spread to other congested areas
in Amman. Moreover, smart traffic management systems
benefit from the integration of metering techniques, which
enable real-time traffic monitoring and dynamic traffic signal
adjustments.
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ABSTRACT

Surgery has traditionally been the primary treatment for symptomatic internal hemorrhoids. However, office-based
interventions such as rubber band ligation (RBL) are increasingly used for Grades 1-3 hemorrhoids. Flexible endoscopic
RBL offers a minimally invasive alternative, whereas surgery remains standard for Grade 4. To compare the effectiveness
of flexible endoscopic RBL versus surgical hemorrhoidectomy in managing symptomatic Grades 1-3 internal hemorrhoids,
focusing on bleeding control, pain, recovery time, and recurrence. A comparative study of 55 patients treated with flexible
endoscopic RBL (using Olympus kits) and 55 matched patients undergoing conventional excisional hemorrhoidectomy
(open technique). Patients choose their treatment after counseling. Outcomes were assessed over 1 year, with follow-
up at 1 week, 3, 6, and 12 months. Pain was measured using a Visual Analog Scale (=4 defined significant pain).
Statistical analysis used a statistical package for the social sciences v26 (t-tests for continuous variables, Chi-square for
categorical; P < 0.05 significant). Both groups showed comparable efficacy: Bleeding control (95% vs. 93%), mucosal
prolapse resolution (96% vs. 97%), and 1-year recurrence (30% vs. 29%). RBL had superior post-procedural outcomes:
Lower pain (10% vs. 90%), fewer work absences (5% vs. 95%), and no bed-boundness (0% vs. 100%; all P < 0.05).
Flexible endoscopic RBL is as effective as surgery for Grades 1-3 hemorrhoids but significantly reduces pain, recovery

time, and work absenteeism. RBL should be considered a first-line option for eligible patients.

Index Terms: Rubber Band Ligation, Internal Piles, Hemorrhoidectomy

1. INTRODUCTION

Hemorrhoidal disease is the leading condition affecting
the rectum and anal canal, with a global prevalence ranging
from 2.9% to 27.9%, where more than 4% of cases are
symptomatic [1], [2]. Approximately one-third of these
individuals consult physicians for guidance. The age
distribution follows a Gaussian curve, peaking between 45
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and 65 years and tapering off after 65 years [1]. Men are
more commonly affected than women [3]. Hemorrhoids
are believed to result from the downward displacement of
vascular cushions caused by a disrobing of the supporting
suspensory Treitz’s muscle [3]. Several factors, such as a
low-fiber diet, prolonged straining, constipation, diarrhea,
and hard stools, can trigger hemorrhoidal symptoms [3].
Symptoms may include rectal bleeding, prolapse of the
hemorrhoidal cushions, pain due to thrombosis, itching-
related discomfort, mucus discharge, and fluid incontinence.
Internal hemorrhoids are categorized into four degrees based
on the extent of prolapse: First-degree (non-prolapsing),
second-degree (prolapsing during straining but reducing
spontaneously), third-degree (prolapsing during straining and
requiring manual reduction), and fourth-degree (permanently
prolapsed) [4]. Notably, the severity of symptoms does not
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always align with the degree of hemorrhoids. Treatment
options for symptomatic hemorrhoids have evolved over
time, encompassing conservative medical management,
non-surgical methods, and various surgical techniques,
including stapled hemorrhoidopexy. Medical interventions
such as recommending a high-fiber diet and bulk-forming
agents can effectively prevent constipation and the associated
complications of hemorrhoids [5]. In addition, numerous
commercial ointments are available for symptomatic relief,
although evidence supporting their efficacy is limited [6].
Phlebotonics, such as flavonoids, are also used. Non-surgical
treatments include rubber band ligation (RBL), injection
sclerotherapy, cryotherapy, infrared coagulation, laser therapy,
and diathermy coagulation —all of which can be performed as
outpatient procedures without anesthesia. These non-surgical
methods are considered the gold standard for managing
grade one to three (grade I-1II) hemorrhoids [7]. Among
all the non-surgical procedures, RBL stands out as the most
effective in terms of patient compliance, long-term success,
and minimal side effects [7]. RBL is a straightforward, quick,
and cost-effective outpatient procedure first introduced by
Blaisdell and later refined by Barron [7]. The procedure
involves applying rubber bands to an insensitive area just
above the dentate line, with up to three bands applied in
one session, which can be safely repeated after 4-6 weeks.
Various techniques, including endoscopic ligation, are used
for band application, but the suction method is the most
common. Studies report success rates for RBL ranging
from 69% to 94% [8]. RBL has a low complication rate of
<2%. Possible complications include vasovagal syncope, anal
pain, minor bleeding, chronic ulceration, priapism, difficulty
urinating, thrombosis of external hemorrhoids, and, in rare
cases, severe complications such as massive bleeding or
pelvic sepsis [8]. If conservative measures fail to alleviate
symptoms, patients are referred to a surgeon for operative
management. Surgical treatment is indicated for cases with
significant external components, hypertrophied papillae,
associated fissures, extensive thrombosis, or recurring
symptoms after repeated RBL.

Post-hemorrhoidectomy pain is the most common challenge
associated with surgical interventions. Early complications
include urinary retention (20.1%), bleeding (secondary or
reactionary) (2.4-6%), and subcutaneous abscesses (0.5%).
Long-term complications can include anal fissure (1-2.6%),
anal stenosis (1%), incontinence (0.4%), fistula formation
(0.5%), and hemorrhoid recurrence [9]—[11]. This study
aimed to compare the effectiveness, post-operative outcomes,
and recurrence rates of flexible endoscopic RBL versus
surgical hemorrhoidectomy in patients with symptomatic
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Grade 2 and 3 internal hemorrhoids, with a focus on bleeding
control, pain, recovery time, and long-term recurrence.

2. METHODS

A cross-sectional comparative study was conducted from
January 2021 to March 2024 in Sulaymaniyah, Iraq, across
public and private hospitals of 55 patients with symptomatic
internal hemorrhoids of Grades 1-3 treated with flexible
endoscopic RBL using the rubber band kits of Olympus
company containing six rubber bands pre-loaded on plastic
cups. The outcome of these patients was compared with
another 55 patients, matched for most of their characteristics,
and treated with conventional excisional hemorrhoidectomy
(open surgical technique). The patients were free to choose
one of the two above options after a good explanation of
the characteristics, effectiveness, possible adverse events,
and recurrence rates of both methods, depending on
available literature. The duration of follow-up of both
patient groups was 1 year. Patients were assessed at 1 week,
3 months, 6 months, and 12 months post-intervention for
bleeding, prolapse, pain, and recurrence through clinical
examination. Post-operative pain was evaluated using a Visual
Analog Scale (VAS) ranging from 0 (no pain) to 10 (worst
imaginable pain). Pain scores were recorded at 6-, 24-, and
48-h post-intervention. Patients reporting a VAS score =4
were categorized as having significant pain (10% in RBL
vs. 90% in surgery groups, respectively). We used a flexible
gastroscope of Olympus type 160 and a rubber band Ligator
kit of Olympus type of the same used for banding esophageal
varices. Statistical analysis used Szatistical Package for the Social
Sciences (SPSS) v26; continuous variables were analyzed with
Student’s t-test, and categorical outcomes with Chi-square
tests. Significance was set at P<0.05.

3. RESULTS

Characteristics of both groups of patients showed no

TABLE 1: Characteristics of both patient groups:
band ligation group and surgery group

Characteristics Band ligation  Surgery P-value
group group

Age 38.248.5 39.1£9.2 0.62

Sex M/F 30/25 32/23

Smoking 15/55 17/55

Obesity (BMI 230) 5/55 10/55

Benign prostatic hyperplasia 1/55 1/55

Constipation 40/55 41/55

BMI: Body mass index
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statistically significant differences, as shown in Table 1.

Table 2 shows the difference between the two intervention
groups regarding the outcome of the intervention, showing
no statistically significant difference in intervention
outcomes, namely bleeding (95% vs. 93%), symptomatic
mucosal protrusion (96% vs. 97%), and 1-year recurrence
rate (30% vs. 29%).

Table 3 shows a statistically significant difference
between the two intervention groups in favor of band
ligation including post-operative pain (10% vs. 90%),
work absence (5% vs. 95%), and 1 week bed-boundness
(0.00% vs. 100%).

Pain percentages reflect patients with VAS =4 (see methods
for details).

4. DISCUSSION

There has been growing interest in the use of non-invasive,
non-surgical management of symptomatic hemorrhoids
as in other conditions in which surgery was the main
approach because surgical hemorrhoidectomy typically
requires anesthesia (general, spinal, or local), and unlike
office-based RBL,, it involves tissue excision, which increases
post-operative pain and recovery time. Many office-based
hemorrhoidal interventions use specific office instruments
such as banding by rigid instruments and laser therapy by
special probes [1]—[3]. The use of flexible endoscopy to
do band ligation for internal piles provides flexibility to
see and ligate all the hemorrhoid columns. In addition, the
flexible scope can do ligation in the retroflexed and forward

TABLE 2: Difference in outcomes between the two
intervention groups

Interventions Band ligation(%) Surgery(%) P-value
outcomes

Bleeding control 95 93 >0.05
Mucosal protrusion 96 97

disappearance

1-year recurrence 30 29

TABLE 3: Rate of complication of both groups

Complications Band ligation(%) Surgery(%) P-value
Pain 10 90 <0.05
Work absence 5 95

1-week bed 0.00 100

boundness
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approach [12]. We performed this study on two groups
of patients, each including 55 patients with symptomatic
internal hemorrhoids, to compare their effectiveness and
adverse events.

There was no statistically significant difference in the
patient characteristics of both groups, such as age, sex,
smoking status, obesity, prostatic enlargement, and
obesity, to negate any effects of the comparison results.
The literature review shows the effect of these variables
on the incidence of hemorrhoids [1]. There were no
statistically significant differences in the effectiveness of
both interventions in controlling the symptoms of internal
piles of Grades 1-3, such as bleeding, mucosal prolapse,
and 1-year recurrence. It shows that both interventions
control similarly both bleeding and mucosal prolapse, and
interestingly each intervention has the same recurrence
rate of around one-quarter to one-third of patients. Other
studies and reviews confirm our findings, especially the
recurrence rate [1]—[3]. Recurrence rates of hemorrhoids
after any intervention are common if the causative or
aggravating factors are not controlled, such as constipation,
smoking, and prostatic enlargement, which are most of the
time difficult to control [5].

There were statistically significant differences between the
two interventions regarding post-intervention pain, work
absence, and 1-week bed-boundness in favor of band ligation.
Other studies confirmed these results, especially pain, which
rarely occurs with band ligation as they are painless unless
some bands are misfired and ligated columns above the
dentate line which is a very painful area [9], [10]. A Cochrane
review states that RBL should be preserved for Grade 2 and
then surgery if this fails [1].

5. CONCLUSION

Comparing flexible endoscopic RBL and surgery, there
was no significant difference in controlling symptomatic
Grades 1-3 internal hemorrhoids, namely bleeding, mucosal
protrusion, and 1-year recurrence, while there were significant
differences in post-interventional pain, work absence, and
ambulance being in favor of band ligation.

6. RECOMMENDATIONS

We recommend flexible endoscopic RBL for symptomatic
Grades 1-3 included after a good explanation of the available
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approved information on the available options for managing
them.
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