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Rector’s Foreword

It is with great pleasure that I welcome our readers to the inaugural issue of the Ar-Rasheed
University Journal of Basic and Applied Sciences. The launch of this journal represents more
than the introduction of a new academic publication; it reflects Ar-Rasheed Smart
University’s commitment to establishing a culture in which scientific inquiry, rigorous
research, and practical relevance are integral to the mission of the university.

Universities fulfill their intellectual responsibility not simply by transmitting
established knowledge, but by creating environments in which knowledge is questioned,
tested, extended, and transformed into solutions. This is particularly important in societies
facing complex and rapidly changing challenges, where scientific research must serve not
only the advancement of knowledge itself, but also the improvement of human life and the
development of institutions and communities.

The contributions presented in this first issue reflect this orientation. They address
diverse areas of scientific and applied inquiry, ranging from pharmaceutical analysis and
biomedical investigation to learning analytics, engineering and intelligent control systems,
and governance for sustainable development. Despite their disciplinary diversity, these
studies share an important characteristic: they seek to connect systematic inquiry with
problems of practical significance. This diversity makes our journal distinguished.

The boundaries between disciplines are becoming increasingly permeable, as many
of the most important contemporary problems cannot be understood—or solved—within a
single field of knowledge. Progress therefore depends not only on deeper specialization, but
also on the capacity to connect scientific perspectives, methods, technologies, and contexts
of application.

For Ar-Rasheed Smart University, establishing this journal is part of a broader
commitment to developing a sustainable research culture. We aspire for it to become a
credible platform for researchers from Yemen, the Arab region, and the wider international
academic community; a platform that values methodological rigor, intellectual openness,
research integrity, and work capable of contributing meaningfully to both scholarship and
practice.

The publication of a first issue is, of course, only a beginning. The true measure of
a scholarly journal lies in the quality it sustains over time: the strength of its peer-review
process, the integrity of its editorial standards, the relevance of the questions it encourages,
and the confidence it earns among researchers and readers. These are the standards toward

which we intend this journal to grow.
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I extend my sincere appreciation to the Editorial Board, reviewers, researchers, and
all those whose efforts have made this inaugural issue possible. I also congratulate the
authors whose work appears in these pages and thank them for entrusting the journal with
their scholarship.

As we launch this journal, our aspiration is both simple and demanding: to create a
space where knowledge does not end with publication, but begins its journey toward
application, innovation, and impact.

Prof. Abdullateef Haidar
Rector, Ar-Rasheed Smart University
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Editorial

It is our distinct privilege to welcome researchers, academics, and readers from around the
world to the inaugural issue of the Ar-Rasheed University Journal of Basic and Applied
Sciences. This peer-reviewed journal is conceived as a premier scholarly platform dedicated
to enriching scientific literature, fostering interdisciplinary innovation, and bridging the gap
between theoretical inquiry and practical application in order to address the pressing
challenges confronting contemporary societies.

The foundational philosophy of our journal rests on the firm conviction that human
progress is propelled by scientific synergy. While the basic sciences endeavor to uncover the
laws of nature and establish foundational theories, the applied and engineering sciences
translate this fundamental knowledge into tangible technologies. Concurrently, robust
governance frameworks ensure the sustainability, institutional coherence, and societal
relevance of these scientific advancements.

This inaugural issue features a curated selection of five pioneering articles,
showcasing exceptional research across a broad spectrum of modern scientific domains.
Pharmaceutical Analytical Chemistry: The first paper presents the development and
validation of a sensitive visible spectrophotometric method for the quantification of
metoclopramide hydrochloride in both its raw material and tablet dosage forms. Clinical
Biochemistry and Medical Sciences: In the realm of clinical diagnostics, the second study
offers a critical evaluation of renal function biomarkers -specifically urea, creatinine, and
eGFR - among Yemeni patients with transfusion-dependent beta-thalassemia. Learning
Analytics and Academic Attrition Prediction: Addressing the institutional imperative of
student retention, the third paper employs a sophisticated learning analytics framework to
investigate timing-based enrolment behaviors - including late enrollment, academic
planning regularity, and enrolment procrastination - as early predictors of late course drops
across micro, meso, and macro scales. Control Systems Engineering and Drone Technology:
Within the engineering and robotics domain, the fourth paper provides a comprehensive
modelling, design, tuning, and comparative analysis of Proportional-Integral-Derivative
(PID) and Fuzzy Logic Controllers (FLC) for altitude control in a DC motor-driven
quadcopter. Meta-Governance and Sustainable Housing Development: Concluding this
inaugural issue is an insightful study in governance and public policy that seeks to construct
a "meta-governance" model tailored to the institutional specificities of Arab nations, with
the aim of achieving the housing-related targets of the 2030 Sustainable Development Goals
(SDGs).
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We extend our profound gratitude and sincere appreciation to the members of our
Editorial Board, Advisory Panel, and the dedicated team of peer reviewers, whose rigorous
standards and constructive feedback have been instrumental in ensuring the high quality of
the works published herein. We are equally indebted to the contributing authors, who have
entrusted their innovative research to our journal. We trust that our readers will find this
inaugural issue intellectually enriching and inspiring - a fitting commencement to what we
hope will be a long and fruitful scholarly journey.

On the occasion of this milestone, we are pleased to extend a cordial invitation to
distinguished researchers to submit their scientific contributions and valuable research for
consideration in the second issue of the journal. We wish you an engaging and rewarding
reading experience, and we greatly welcome your insightful comments and suggestions at

the following email address: rujbas@ar-rasheed.edu.ye

Prof. Sameer A. M. Abdulrahman

Editor-in-Chief
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About the Journal
Ar-Rasheed University Journal of Basic and Applied Sciences (RUJBAS) is a Peer-
Reviewed Research Journal issued by Ar-Rasheed Smart University, Sana'a, Yemen. It is an
open access journal, published electronically twice a year and accepts manuscripts in both
Arabic and English. The journal aims to publish original research, review articles, short
communications and case studies in the fields of medical, engineering, technical and natural

sciences.

Aims
Ar-Rasheed University Journal of Basic and Applied Sciences aims to:
e Publish original and impactful research in basic and applied sciences.
e Provide a rigorous peer-reviewed platform for the global scientific community.
e Foster interdisciplinary dialogue and collaboration among researchers.
e Provide support to early-career researchers and postgraduate students.

e Promote the practical application of scientific findings for societal benefits.

Scope
The Ar-Rasheed University Journal of Basic and Applied Sciences accepts submissions in
the form of original research, reviews, short communications, and case studies within, but
not limited to, the following fields:
e Medical & Health Sciences: Medicine, Surgery, Dentistry, Pharmacy, Laboratory
Medicine, Nursing, Public Health, Nutrition, and Veterinary Medicine.
e Engineering & Technology: Architectural, Civil, and Mechatronics Engineering;
Information Technology, Cybersecurity, and Artificial Intelligence.
e Design & Media: Interior Design, Graphics and Multimedia.
e Natural & Basic Sciences: Chemistry, Physics, Biology, Mathematics, and
Agriculture.

Article Processing Charge
Manuscripts submitted to RUIBAS before December 31, 2026, will be published free of
charge. A nominal article processing charge (APC) may apply to articles submitted after this
date to support the journal's operational costs.
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Author Guidelines
— Manuscripts must be written in clear and correct English or Arabic. Authors are
strongly encouraged to have their manuscripts professionally proofread before
submission. Manuscripts with poor language quality may be returned or rejected
without review. The journal reserves the right to perform required language editing on

accepted manuscripts.

Manuscript Preparation

e Manuscripts should be written in a single-column format, 1.5- spaced lines, 2.5 cm
margins, a standard font type (preferably Times New Roman for English articles or
Traditional Arabic for Arabic articles) and size (14 for titles and headings; 12 for
text). Manuscript pages should be numbered.

e The sections should be arranged in the following order: Title Page, Abstract,
Keywords, Introduction, Materials and Methods, Results, Discussion, Conclusion,
Acknowledgments (Optional), Data Availability, Funding, References, Tables and
Figures are inserted in their proper places within the text. Only the first letters of
words in the Title, Headings and Subheadings are capitalized. Headings and
Subheadings should be in bold fonts.

e Title Page: It includes the title of the manuscript (it should be concise and
informative), authors’ names with surnames and affiliations. The affiliation should
comprise the department, institution, city and country. At least one author must be
designated with an asterisk (*) as the person to whom correspondence should be
addressed and their complete mailing address and e-mail address should also be
included. The corresponding author is requested to provide their Open Researcher
and Contributor Identifier (ORCID) ID and the ORCIDs of all co-authors in the title
page, as possible.

e Abstract: It must consist of a single paragraph, not exceeding 200 words, and it
should be written in a structured manner and with particular care to highlight the
objective, methods used, results and major findings. Authors submitting
manuscripts are required to provide the following metadata in both the language of
the manuscript and its counterpart. For manuscripts written in English, the title,
author names and affiliations, abstract, and keywords must also be submitted in
Arabic. Conversely, for manuscripts written in Arabic, the title, author names and
affiliations, abstract, and keywords must also be submitted in English.
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o Keywords: After the abstract, a list of 3-7 keywords, that accurately represent the
manuscript's content, should be provided for indexing.

e Introduction: It should include the objective of the study and its relationship to
earlier studies in the field, and it should not exceed one and half typed pages.

e Materials and Methods: It should provide sufficient details for a competent
researcher to reproduce the experiments, while remaining concise and avoiding
repletion of previously published methods.

e Results: This section should present the study's findings in Tables and Figures in
addition to required data in the text.

e Discussion: It should be concise, focusing on interpretation of the main findings and
their comparison with previous studies without repetition of the same results. The
limitations and/or strengths of the current study can also be discussed.

e Conclusion: This section should be a brief account of the major results of the current
study and can indicate any suggestions for future research.

e Acknowledgments (Optional): This section is dedicated to thanking individuals who
have made intellectual or technical contributions to the research, but do not meet
authorship criteria. Organizations that supplied facilities, equipment, or other
support necessary for the research should also be referred to in the
acknowledgments.

e Data Availability: A data availability statement is required for all manuscripts.
Authors must clearly indicate whether the data supporting their findings are publicly
available. If the data are open and accessible, authors should provide the repository
name and a persistent identifier (e.g., DOI). If the data cannot be made publicly
available due to data sensitivity or other considerations, and can only be provided
by the corresponding author upon request, the following statement should be used:
"The data are not publicly available due to [specify reason, e.g., ethical or privacy
concerns] and are available from the corresponding author upon request." If no new
data were created or analyzed in the study, the following statement should be used:
"No data were created or analyzed in this study".

e Funding: All sources of financial support for the research must be clearly disclosed
at the end of the manuscript, including grant numbers and the funder's role. If no
funding was received, this statement should be made: "This research received no
external funding".

e References: All references cited in the text of the manuscript must be included in

the reference list, and vice versa. The reference list should not contain unpublished
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results or personal communications. Authors are responsible for ensuring the

accuracy of all references.

Preparing and Formatting References

e The Vancouver referencing style is used, with certain modifications to suit the
journal's scientific publication requirements. Authors are required to follow the
guidelines and illustrative examples provided below.

e In-text reference style: All references must be numbered sequentially based on the
order they first appear in the text. Cite these references using the appropriate Arabic
numerals in square brackets. For example: [4] or [4, 5] or [6-9]. While you may
mention an author's name (e.g., "Yasser [4] indicated that ..."), the corresponding
reference number in square brackets must always be provided.

e Reference list style: At the end of the manuscript, references should be listed in
numerical order, ensuring that each reference in the list corresponds to the number
cited in the text. For every electronic reference, the Digital Object Identifier (DOI)
must be provided, whenever available, as a complete hyperlink (e.g.,
https://doi.org/xxxxx). All authors should be listed if there are six or fewer; if there
are seven or more authors, list the first six followed by 'et al.' The referencing style
should conform to the following examples:

Reference to a journal article:

Jun S, Joo SH, Ryoo R, Kruk M, Jaroniec M, Liu Z, Ohsuna T, Terasaki O. Synthesis
of new, nanoporous carbon with hexagonally ordered mesostructure. Journal of the
American Chemical Society. 2000;122(43):10712-13.
https://doi.org/10.1021/ja002261e

Brajesh K, Aldobali M, Pal K, Khan M. Segmental body BIA device development
for fracture detection. Scientific Reports. 2025;15:45715.
https://doi.org/10.1038/s41598-025-28403-w

Reference to a book:

Iannucci, JM, Howerton LJ. Dental radiography: principles and techniques. 6" ed.
Missouri: Elsevier, Inc.; 2022.

Reference to a chapter in a book:

Miyawa JH, Schulman SG. Ultraviolet-visible spectroscopy. In: Ohannesian L,
Streeter AJ, editors. Handbook of pharmaceutical analysis. New York: Marcel
Dekker Inc.; 2002. p. 187-224.
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Reference to an unpublished thesis:

Devi OZ. Analytical studies on some drugs used in the treatment of hyperacidity,
reflux and ulcer. [Unpublished doctoral dissertation]. Mysore (Karnataka):
University of Mysore; 2011.

Tables
e The tables must be in the form of editable texts, not as static images.
e Tables must be numbered sequentially within the main text.
e All tables must be numbered using Arabic numerals in the order they appear in the
text.
e A descriptive caption must be provided for each table.
e Explanatory notes-if any- must be placed directly below the table.
Figures
e Each figure must be referred to sequentially in the main text.
o All figures (including diagrams, charts, and photographs) must be numbered
consecutively in Arabic numerals, in the order they are cited in the text.
e Provide a caption for each figure.
e Figures should be supplied as JPEG, TIFF, PNG or Microsoft Word (DOC or
DOCX) files for figures that have been drawn in word.
o Figures should be in a high quality (1200 dpi for line art, 600 dpi for grayscale and
300 dpi for colour, at the correct size).

Revised Manuscript Submission
Authors may be required to revise their manuscripts based on reviewers' comments. When
a revised manuscript is submitted, authors must include a point- by-point response to the
reviewers' comments. Authors must also submit a clean version of the revised manuscript

and a track-changes version showing all changes made during the revision process.

Accepted Manuscripts
Upon acceptance of the manuscript for publication, it will not be published until the
corresponding author submits a written declaration confirming that the work is original, has
not been published previously, is not under consideration for publication elsewhere, and that

all authors have read and approved the final version of the manuscript.

Volume (1) Number (1) June 2026 XIII ISSN: 3135-6842 | E-ISSN: 3135-6850


https://journals.ar-rasheed.edu.ye/RUJBAS/en
https://journals.ar-rasheed.edu.ye/RUJBAS/en

AR-RASHEED [¥%
SMART UNIVERSITY L)

Basic and Applied Sciences

Proofs
Upon receiving the first proofs of the manuscript, the corresponding author is responsible
for submitting any necessary corrections to the journal within three days. The purpose of the
proofs is to verify the accuracy of the typesetting, confirm the completeness and correctness
of the text, tables, and figures, and identify any errors introduced during the production
process. Only minor corrections are acceptable at this stage; major alterations are not
permitted. Any corrections needed after publication will be addressed through formal errata,

corrigenda, or retractions, as appropriate.

Copyright Notice
e Authors retain the copyright of their published work in Ar-Rasheed University Journal
of Basic and Applied Sciences. No transfer of copyright is required. All articles are
published under the Creative Commons Attribution 4.0 International License (CC BY

4.0). This license permits anyone to copy, redistribute, remix, transform, and build
upon the material for any purpose, even commercially, provided appropriate credit is
given to the original author(s) and source, a link to the license is provided, and any
changes made are clearly indicated. By submitting to RUJBAS, authors agree to
publish their research under this license .

e Authors are responsible for obtaining permission to reproduce any copyrighted
material (e.g., figures, tables, or extensive quotations) included in their manuscript and
for providing appropriate attribution.

Disclaimer
All articles, communications, and editorials published in RUJBAS reflect the personal
opinions of their respective authors. The journal and its editor disclaim all responsibility and

liability for any application of, or reliance upon the information provided herein.
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Abstract

This study aimed to suggest and validate a simple and
sensitive  visible spectrophotometric method for the
quantification of metoclopramide hydrochloride (MCPH) in
its pure form and pharmaceutical tablets. The method uses
bromine generated in situ by the action of an acid on a
mixture of bromate and bromide, which acts as an
environmentally friendly brominating agent for the
bromination of MCPH. It enables a cost-effective analysis
while eliminating the handling of hazardous liquid bromine.
The method is based on adding a carefully measured excess of
bromate-bromide reagent to MCPH solution in an acidic
medium. Upon completion of the reaction, the residual
bromine is quantified by reacting it with a fixed amount of
methylene blue dye, followed by measuring the absorbance at
665 nm. Under optimal conditions, MCPH can be quantified
over a concentration range of 1.25-25.0 pg/mL, with a molar
absorptivity of 1.032x10% L/mol.cm and a Sandell's sensitivity
of 0.0326 pg/cm?. Experimental t- and F-values were
calculated and compared with critical tabulated values using
Student t-test and F-ratio at a 95% confidence level,
confirming no significant difference between the official and
suggested methods in terms of accuracy and precision. The
suggested method was successfully applied for the analysis of
MCPH in raw material and tablets, and its reliability was
confirmed using a standard addition method.

Keywords: Metoclopramide hydrochloride, bromate-bromide
mixture, methylene blue, spectrophotometry, pharmaceutical
tablets.
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1. Introduction

Metoclopramide  hydrochloride  (MCPH),
chemically known as 4-amino-5-chloro-N-[2-
(diethylamino)ethyl]-o0-anisamide monohydro-
chloride monohydrate, has the chemical
structure shown in Figure 1. Its molecular
formula is C14H23CI:N3O, while its molecular
weight is 336.26 g/mol. The drug appears as a
white or almost white crystalline powder, and
it has been reported to be freely soluble in
alcohol, very soluble in water, and sparingly
soluble in methylene chloride [1].

o rCH3
Cl N/\/N\/CHS
H
HoN OCHg4 * HCI

Figure 1. Chemical structure of metoclopramide
hydrochloride.

Metoclopramide acts as a dopamine
receptor antagonist. It is used to treat and
prevent nausea and vomiting. It also influences
5-HTs receptors in the gastrointestinal tract,
though at concentrations higher than those
typically achieved in standard therapy.
Although metoclopramide has been partly
supplanted by newer related compounds, it
remains the most extensively used antiemetic
drug of neuroleptic type. Consequently, the
most comprehensive understanding of its
adverse effects, particularly neuroleptic and
endocrine reactions, has emerged from its
long-term use. These effects are generally
short-lived upon treatment discontinuation;
however, the duration of their adverse profile
cannot always be fully explained by
straightforward pharmacokinetic principles. A
review of the evidence for using
metoclopramide to treat gastroesophageal
reflux in infants led to an inconclusive
recommendation for this indication [2].

Literature on the quantitative analysis of
MCPH reveals that extensive research has been
carried out for the determination of MCPH
alone in pharmaceutical products. These
investigations include techniques such as
high-performance  liquid  chromatography,
ultra-performance  liquid  chromatography,
potentiometry, voltammetry, spectrofluorimetry,
chemiluminescence, flow injection analysis,
titrimetry, atomic absorption spectrometry, UV
spectrophotometry [3-8], and  visible
spectrophotometry [9-44].

Despite their availability, many of these
methods suffer from certain limitations,
including the use of expensive instrumentation,
complex and time-consuming procedures,
extensive sample preparation steps, or the use of
toxic organic solvents. Furthermore, several
reported visible spectrophotometric methods
lack sufficient sensitivity or require critical
experimental conditions, which limit their
applicability in  routine quality  control
laboratories. To the best of the researchers’
knowledge, no previous studies have employed
a bromate-bromide (BB) mixture as an
environmentally friendly brominating agent for
the determination of MCPH in pharmaceutical
dosage forms. The present study introduces a
simple, sensitive, and environmentally friendly
visible spectrophotometric method for the
quantification of MCPH in pharmaceutical
tablets.

The suggested method is based on the in
situ generation of bromine from a BB mixture
in an acidic medium, which serves as a safe
alternative to hazardous elemental bromine.
Following the bromination of MCPH, the
residual bromine reacts with methylene blue
(MB) dye, and the increase in absorbance is
measured at 665 nm. This approach offers
several distinct advantages over many of the
previously  reported methods, including
simplicity, cost-effectiveness, high sensitivity,
elimination of toxic organic solvents, and
absence of heating or extraction steps, making
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it particularly suitable for routine quality
control analysis.

2. Materials and Methods
2.1. Instrument

All absorbance readings were carried out using
a V-1000 visible spectrophotometer (AOE
Instruments, Shanghai, China) fitted with
matched quartz cells of 1 cm path length.

2.2. Reagents and Chemicals

All chemicals and reagents used in this
investigation were analytical grade, and only
distilled water was utilized.

Bromate-bromide (BB) mixture: 50 mg
of potassium bromate (HiMedia Laboratories
Pvt. Ltd.,, Mumbai, India) and 500 mg of
potassium bromide (HiMedia Laboratories Pvt.
Ltd., Mumbai, India) were precisely weighed,
dissolved in distilled water, and diluted to the
appropriate volume in a 100 mL volumetric
flask to obtain a standard stock solution
equivalent to 500 pg/mL KBrOs. After diluting
this stock solution with water, a working BB
mixture solution with a KBrOs concentration
of 35 pg/mL was obtained for use in the
suggested method. The BB stock solution was
found to be stable for up to 4 weeks when
protected from light and stored in a tightly
closed amber glass bottle at room temperature
(25 + 2°C). The working solution was prepared
freshly on the day of analysis to ensure optimal
brominating activity, as the in situ generation
of bromine in acidic medium is more reliable
with freshly prepared dilute solutions.

Methylene blue (MB): A standard
solution equivalent to 485 ug/mL MB was
prepared by dissolving 50 mg of MB (High
Purity Laboratory Chemicals PVT. LTD.,,
Mumbai, India, 97% dye content) in water and
diluting to the mark in a 100 mL volumetric
flask. This solution was then diluted with
distilled water to obtain a 60pg/mL MB
solution. The MB stock solution was stored in
an amber glass bottle in a dark place at room

temperature. Under these conditions, the
solution remained stable for at least 1 week.

Hydrochloric acid (HCI): A 5M HCI
aqueous solution was prepared by diluting the
appropriate volume of concentrated acid with
distilled water.

Pharmaceutical-grade metoclopramide
hydrochloride (MCPH) was kindly provided as
a gift by Shaphaco Pharmaceutical Industries,
Sana'a, Yemen, and was used without further
purification. The commercial tablets selected
for estimating MCPH content using the
suggested method were Metoclopramide 10 mg
(manufactured by Biopharmaceutical
Industries, Sanaa, Yemen) and Plemazol
10 mg (manufactured by Chemical Industries
Development, Giza, Egypt).

A standard stock solution containing
500 ug/mL of MCPH was prepared by
accurately weighing 50 mg of the pure drug,
dissolving it in distilled water, and diluting to
the mark in a 100 mL volumetric flask using
the same solvent. This stock solution was then
diluted with distilled water to obtain a working
solution with a concentration of 50 pg/mL
MCPH.

2.3. Methods
2.3.1. Assay Procedures of MCPH Using MB

A series of 10 mL volumetric flasks were filled
with precisely measured volumes (0.25, 0.5,
1.0, 2.0, 3.0, 4.0, and 5.0 mL) of a standard
MCPH solution (50 pg/mL). The required
amount of distilled water was added to each
flask to make the total volume 5.0 mL. Then,
1.5 mL of 5 M HCI and 1.0 mL of the BB
mixture solution, which is equal to 35 pg/mL
KBrOs was added to each flask. After the
flasks were sealed, their contents were
combined, and they were allowed to stand for
10 minutes with occasional  swirling.
Following that, 1.0 mL of MB solution (60
pg/mL) was transferred to each flask. Five
minutes later, the contents were completely
mixed after being diluted to the mark with
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water. At 665 nm, the absorbance of every
solution  was  measured  versus  the
corresponding reagent blank.

2.3.2. Assay Procedures for MCPH in
Tablets

Five tablets with 10 mg of MCPH each were
precisely weighed and pulverized into a fine
powder. After carefully weighing a portion of
the powder equal to 2.5 mg of pure MCPH, it
was put into a 50 mL volumetric flask with
around 35 mL of acetone. The mixture was
shaken for approximately 15 minutes and
filtered through Whatman No. 42 filter paper.
The filtrate was collected in another 50 mL
volumetric flask, and the solvent was
evaporated to dryness using a water bath. The
resulting residue was then dissolved in
approximately 20 mL of distilled water, and
the solution was diluted to volume with
distilled water. The final solution was utilized
for the assay in accordance with the previously
mentioned procedure, where it had a
concentration of 50 pg/mL MCPH.

2.3.3. Method Validation Procedures

The suggested method is validated following
the latest International Conference on
Harmonization (ICH) guidelines [45]. The
validation parameters included limit of
detection (LOD), limit of quantification
(LOQ), linear concentration range, precision,
accuracy, and selectivity.

Seven standard MCPH solutions were
analyzed to assess linearity. Plotting absorbance
(Y-axis) versus MCPH concentration (ug/mL,
X-axis) allowed for the construction of a
calibration curve. The linear range was
determined and the regression equation was
derived.

Three solutions containing 10, 15, and 20
pg/mL MCPH were prepared. For intra-day
precision and accuracy, each solution was
analyzed three times on the same day.
However, each solution was analyzed once per
day on three different days for inter-day
evaluation. Precision was expressed as
percentage relative standard deviation (RSD%)

and accuracy as percentage relative error
(RE%).

Sensitivity of the suggested method was
expressed as molar absorptivity (g) and
Sandell’s sensitivity.

In order to evaluate the suggested
method's selectivity, a placebo blank was
created by combining common excipients (talc
100 mg, starch 100 mg, acacia 30 mg, gelatin
50 mg, calcium gluconate 40 mg, sodium
alginate 40 mg) and then processed exactly as
described for the tablet assay. A 2 mL aliquot
of the resulting solution was analyzed three
times. To further confirm selectivity, 2.5 mg of
pure MCPH was added to the same placebo
mixture. This synthetic mixture was processed
following the tablet assay procedure to obtain a
50 pg/mL MCPH solution. Aliquots of 3 mL
were analyzed in triplicate using the suggested
method.

3. Results and Discussion
3.1. Chemistry of the Suggested Method

This study represents the first account of
employing a BB mixture for the visible
spectrophotometric estimation of MCPH in
pharmaceutical tablets. The suggested method
relies on the bromination of MCPH using
bromine generated in situ through the reaction
of acid with the BB mixture, which serves as
an environmentally friendly brominating agent,
thereby eliminating the need for highly toxic
and hazardous liquid bromine.

The suggested method is indirect and
involves adding a known excess of the BB
mixture to MCPH in an acidic medium. After
the reaction between MCPH and bromine
came to completion, the residual bromine is
quantified indirectly by measuring the residual
absorbance of the unbleached MB dye at 665
nm (Figure 2), which increases proportionally
with the MCPH concentration due to the
competitive consumption of the brominating
agent.
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Figure 2. Absorption spectrum of acidic solution of MB (4 ug/mL MB).

An electrophilic substitution mechanism
drives the reaction between MCPH and
bromine, which is produced in situ when the
acid reacts with a BB mixture. The amino
group attached to the benzene ring, being the
strongest directing group among those present
on the ring, directs bromination to the ortho
and para positions. However, bromination
occurs exclusively at the ortho position relative
to the amino group, because the para position
and the other ortho position are already
occupied by other substituents, as illustrated in
Scheme 1.

Once the reaction between MCPH and
bromine reaches completion, the remaining
bromine reacts with MB dye, leading to a
substantial reduction in molar absorptivity at
665 nm. This decrease results from the
oxidative destruction of the dye due to the
bleaching effect of bromine. In this process,
the sulfur atom in MB is oxidized to an
S-oxide 2), and
bromination occurs on the carbon atom
adjacent to the dimethyl amino group [46].

(Scheme electrophilic

3.2. Method Development

The reaction parameters and the diverse
experimental conditions that influence the
color development of the measured species in
the suggested method and ensure its accurate
and precise outcomes were optimized
systematically.

The suggested method relied on the
bromination of MCPH using a precisely
measured excess of a BB mixture in a
hydrochloric acid medium. After a fixed
reaction time, the residual bromine reacted
with a certain amount of MB, and the
absorbance of unbleached dye is measured at
665 nm. It was observed that the absorbance
varies linearly with the concentration of
MCPH. When increasing concentrations of
MCPH are added to a constant amount of in
situ generated bromine, the bromine is
consumed proportionally, leading to a
corresponding decrease in its concentration.
Subsequently, adding a fixed quantity of MB
dye to these decreasing bromine concentrations
results in a proportional increase in the
absorbance of the blue color of MB in acidic
medium at 665 nm, which forms the basis of
the assay.
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BrO; + 5Br + 6H*——> 3Bry, + 3H,0

CH
fo) 3
Cl N/\/N\/CH3 H* Cl
H HCl + 3Brp —>»
H,N OCH; HyN
MCPH

H
o r CHs
N/\/N\/CH3
H Hel + HBr + Unreacted bromine
OCH; -

Br

Brominated product of MCPH

Scheme 1. The proposed reaction pathway for bromine formation and its subsequent reaction with MCPH.

Two tautomeric forms of MB

N
"N/—I S N - Unreacted ~ + “
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Colorless oxidized form of MB -Hel

- HN(CH3)2

o

N N
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| Br OH

Colorless brominated form of MB

Scheme 2. Proposed structures of different forms of MB before and after bromination [46].

3.2.1. Effect of Reagents Concentrations

Optimization was carried out for various
parameters influencing the MCPH bromination
as well as the subsequent decolorization of MB
dye by the residual bromine. Preliminary
experiments were conducted to determine the
maximum concentration of the dye that could
be measured spectrophotometrically at 665 nm
in an acidic medium, which was established as
6 pg/mL of MB. A bromate concentration of
3.5 pg/mL, together with a large excess of
bromide, was found to be optimal for
bleaching the blue color of 6 pg/mL MB in the
acid  medium.  Consequently,  varying
concentrations of MCPH were allowed to react
with 1.0 mL of a 35 pg/mL BB mixture in
acidic medium in the presence of a large
excess of bromide. The residual bromine was

then determined following the procedure
described for that purpose.

3.2.2. Effect of Acid Concentration and
Reaction Time

With the dye absorbance remaining constant in
a 0.5-1.0 M HCI, hydrochloric acid was found
to be an appropriate medium for both steps of
the suggested method. It was found that the
best acid concentration to complete the
bromination process within a reasonable time—
10 minutes—was 0.75 M, which was prepared
by adding 1.5 mL of 5 M HCI to a total
volume of 10 mL. When determining residual
bromine using MB dye, the same acid
concentration was maintained, and it was
found that the reaction time for this step is not
critical. To ensure the complete decolorization
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of the MB by the remaining bromine, it was
necessary to wait for five minutes.

3.3. Method Validation
3.3.1. Quantitative Data

Beer's law was followed by the suggested
procedure within an MCPH concentration
range of 1.25-25.0 pg/mL. The regression
equation obtained from the linear calibration
plot (Figure 3) is Y = 0.0307 X — 0.0012,
where X is the concentration expressed in
pg/mL and Y is the absorbance.

The calibration  curve's correlation
coefficient (r) of 0.99996 and coefficient of
determination (R?) of 0.99992 confirmed a
linear relationship  between the drug
concentration and absorbance. The Sandell's
sensitivity value was 0.0326 pg/cm?, and the
calculated molar absorptivity was 1.032x10%
L/mol.cm. The suggested method was found to

0.8 -

0.7 3 Y =0.0307X - 0.0012

R’ = 0.99992
0.6 4

0.5 =
0.4 -

0.3 4

Absorbance

0.2 3

have a LOD of 0.40 pg/mL and a LOQ of 1.20
pg/mL.

3.3.2. Accuracy and Precision

Solutions containing three different
concentrations of MCPH were prepared and
examined in triplicate in order to evaluate the
suggested method's accuracy and precision.
Table 1 displays the collected results. The
excellent precision and satisfactory accuracy of
the suggested method are confirmed by the low
percentage relative standard deviation (RSD%
< 2.49) and low percentage relative error
(RE%) values, which ranged from -3.00% to -
0.80%, indicating a slight consistent
underestimation. To evaluate repeatability
(intra-day  precision) and intermediate
precision (inter-day precision), the RSD% and
RE% values were calculated on the same day
and over three different days.

0.0 . .

0 5 10

15 20 25

Concentration of MCPH, pg/mL

Figure 3. Calibration curve.

Table 1. Results of intra-day and inter-day precision and accuracy evaluations

Precision and accuracy assessed on a single

Precision and accuracy evaluated on three

MCPH day (n=3) different days (n=3)
taken MCPH found” MCPH found”
RSD% RE% RSD% RE%
pg/mL pg/mL pg/mL
10 9.92 1.53 -0.80 9.89 1.87 -1.10
15 14.8 1.94 -1.33 14.6 2.08 -2.67
20 19.6 2.01 -2.00 194 2.49 -3.00

* Average of three measurements
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3.3.3. Selectivity

Using a placebo blank, any interference from
common excipients listed under Method
Validation Procedures was investigated to
evaluate the selectivity of the suggested
method for pharmaceutical formulation
analysis. It was verified that the absorbance
measurements in relation to the water blank
resulted exclusively from the analyte. A
different experiment was carried out using the
suggested method to estimate MCPH in a
synthetic mixture; the recovery percentage of
MCPH was calculated and found to be
98.72+1.41 (n=3), indicating that no
significant interference from the excipients
occurs in the MCPH assay under the optimized
conditions specified.

3.4. Comparison of Suggested Method with
Some Literature Spectrophotometric
Methods

The analytical performance of the suggested
method was compared with some previously
reported visible spectrophotometric methods
for the determination of MCPH in terms of
linear range, molar absorptivity, LOD, and
other practical features.

The suggested method offers a linear
dynamic range of 1.25-25.0 pg/mL, which is
comparable to or broader than those of many
reported methods [11, 13, 15, 28, 32, 33]. The
LOD of the suggested method was of 0.40
pg/mL, demonstrating  superior  sensitivity
compared to several previously reported
visible spectrophotometric methods. For
example, methods using diazotization reaction
with 1-napthol [23] reported an LOD of 0.5448
pg/mL, while condensation reaction with
vanillin [15] gave an LOD of 0.51 pg/mL. The
molar absorptivity of the suggested method
(1.032x10* L/mol.cm) is higher than those
reported in many visible spectrophotometric
methods, including those based on an azo
coupling  reaction with  2-tert-Butyl-4-

methoxyphenol [33] (0.26x10* L/mol.cm), an
oxidative coupling reaction of pyrocatecol with
MCPH using ammonium ceric sulphate as the
oxidizing agent [38] (3.01x10° L/mol.cm), and
an  oxidative  coupling  reaction  of
metoclopramide with 2 ,5-dihydroxybenzoic
acid using potassium periodate as an oxidizing
agent [40] (2.196x10%® L/mol.cm). This
indicates that the suggested method offers
good sensitivity for the determination of
MCPH.

Unlike many diazotization-based methods
[13, 16, 28, 30, 32] that require low
temperatures (0-5°C), the suggested method is
carried out atroom temperature. Similarly,
compared to many reported methods [14, 19,
29, 32, 43] that often require organic solvent
extraction or heating steps, the suggested
method is simpler and faster. Furthermore,
several reported visible spectrophotometric
methods involve the use of toxic organic
solvents such as methanol [13, 28]. The
suggested method avoids such solvents,
making it environmentally friendly and safer
for laboratory personnel. The suggested
method also eliminates the need for heating or
lengthy extraction procedures, which are
common in some reported methods, thereby
reducing analysis time and  energy
consumption. From a green chemistry
perspective, the suggested method employs a
bromate-bromide  mixture to  generate
bromine in situ, safely replacing the use of
hazardous elemental bromine. This represents
a significant advantage over methods that use
toxic reagents.

Based on the comparisons above, the
suggested method offers a simple, sensitive,
cost-effective, and environmentally friendly
alternative for the routine quality control
analysis of MCPH in pharmaceutical tablets,
with performance characteristics that are
comparable to or better than those of many
previously reported methods.
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3.5. Analytical Applications

3.5.1. Determination of MCPH in

Pharmaceutical Tablets

The suggested method was used to estimate
MCPH in two tablet brands having the same
concentration. The results of this study
displayed in Table 2 were statistically
compared using Student's t-test and the
variance ratio F-test, with those obtained using
the official British Pharmacopoeia method [47]
in terms of accuracy and precision. The official

method involves an aqueous titration of the
MCPH drug solution with 0.1 M sodium
hydroxide, with the end point determined
potentiometrically. At a 95% confidence level,
the calculated t-values and F-values were
compared to the tabulated values. No
significant difference was observed between
the suggested method and the official method
in terms of accuracy and precision, as
indicated by the calculated t- and F-values
(shown in Table 2) which do not exceed the
tabulated values.

Table 2. Comparison of assay outcomes using suggested and official methods

Found % (of nominal quantity + SD) *

Commercial Tablets NO”.“”a' o
quantity, mg Official method Suggested method

Metoclopramide 10 99.58 +1.14 98.36 £2.16
t=117
F =359

Plemazol 10 99.42 +1.09 98.22 +1.84
t=1.29
F=285

“Mean of five replicate measurements.
The 95% confidence level tabulated t-value is 2.776.
The 95% confidence level tabulated F-value is 6.39.

3.5.2. Recovery Study

A standard addition technique was used to
confirm the accuracy of the method. Three
levels of pure MCPH (50, 100, and 150% of
the current quantity) were added to pre-
analyzed tablet powder (10 mg each of
metoclopramide and  plemazol).  Three

measurements were performed for each level.
The recovery values in Table 3 ranged from
97.75 to 99.12%, with a standard deviation
(SD) of 1.76 to 2.40%, suggesting that
common excipients had no effect on the assay.

Table 3. Outcomes of a recovery investigation based on the standard addition technique

MCPH in Pure MCPH Pure MCPH
Tablet tablet, added, Vel el recovered,
ez pg/mL pg/mL uo/mL (Percent £+ SD)
Metoclopramide 10 7.87 4.00 11.82 98.75+1.83
7.87 8.00 15.80 99.12+£1.91
7.87 12.0 19.64 98.08 £ 1.76
Plemazol 10 7.86 4.00 11.79 98.25+£1.95
7.86 8.00 15.68 97.75 £ 2.40
7.86 12.0 19.66 98.33+£2.28

aMean value of three measurements.
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4, Conclusion

This study presents the first application of a
BB mixture as an environmentally friendly
brominating agent for the quantification of
MCPH in pharmaceutical formulations. The
suggested method is simple, rapid, and highly
sensitive compared to many previously
reported visible spectrophotometric methods.
The suggested method involves the
bromination of MCPH with a BB mixture in an
acidic medium, which generates bromine in
situ, thereby replacing the use of hazardous
elemental bromine conventionally employed in
such reactions. The residual bromine is then
quantified through its reaction with MB dye,
and the increase in MB absorbance is recorded.
From a practical standpoint, the suggested
method offers several distinct advantages for
routine quality control applications: it
eliminates the need for heating or extraction
steps, avoids the use of toxic organic solvents,
employs cost-effective and readily available
reagents, and demonstrates good accuracy and
precision. Furthermore, common excipients
present in commercial tablet formulations do
not interfere with the analysis, confirming the
method's selectivity. These features make the
suggested method a reliable, environmentally
friendly, and practically viable alternative for
the routine quality control analysis of MCPH
in pharmaceutical tablets
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Abstract

B-thalassemia is an inherited blood disorder characterized
by a reduction in p-globin chain synthesis. Renal
biomarkers may change in patients with transfusion-
dependent B-thalassemia (TDT), a severe form of B-
thalassemia, due to iron overload and chelation therapy.
This study aimed to evaluate the renal function
biomarkers (urea, creatinine, and eGFR) in TDT Yemeni
patients. Eighty subjects were enrolled in this study, aged
2-29 years. These subjects encompassed 40 TDT patients
and 40 healthy controls. Blood samples were examined
for urea, creatinine, complete blood count, and iron
profile using automated analyzers. Results showed that
urea and creatinine levels were significantly decreased in
patients. In contrast, estimated glomerular filtration rate
(eGFR) was significantly higher in TDT patients. Serum
iron levels and transferrin saturation were significantly
elevated in patients. Urea was negatively correlated with
age (r = — 0.345; p = 0.03) and positively correlated with
RBC count (r = 0.339; p = 0.01), whereas creatinine was
positively correlated with age (r = 0.470, p = 0.002) and
negatively correlated with MCHC (r = — 0.405, p = 0.01).
Further studies, including early renal biomarkers such as
urinary B2-microglobulin and the urine calcium-to-
creatinine ratio, are required to confirm the presence of
subclinical kidney injury in TDT patients.

Keywords:  Thalassemia, renal

markers, iron overload, Yemen

transfusion-dependent,
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1. Introduction

Thalassemia is a common inherited blood
disorder marked by a- and B-globin chain
imbalance. B-thalassemia (B-thal) results from
mutations in the p-globin gene causing
deficient B-chain production, which in turn
results in excess a-chains that precipitate with
red cells leading to hemolysis and ineffective
erythropoiesis. B-thalassemia major (B-TM) is
the severe type in which patient survival
depends on regular blood transfusions, thus
developing iron overload (every patient with f3-
TM is transfusion-dependent, but not every
transfusion-dependent B-thalassemia (TDT)
patient has B-TM) [1].

Although B-TM affects bone marrow, its
impact extends to various organs, including
kidneys. Chronic hemolytic anemia, iron
overload, and chelation therapy may lead to
kidney dysfunction in TDT patients [2]. In the
first stages of renal disease, hyperfiltration of
glomeruli may occur, which can develop into
kidney damage and proteinuria. Oxidative

stress and renal injury may arise from
increased iron deposition [3]. Tubular
dysfunction includes reduced urine-

concentration, tubular acidosis, and losses of
potassium, phosphate, and magnesium, which
are caused by chronic hypoxia and iron
overload in renal tubules [4]. Repeated
transfusions worsen tissue iron accumulation,
which is toxic to the kidneys. Moreover, iron
chelators such as deferoxamine, deferasirox,
and deferiprone may cause renal toxicity [5].

In Yemen, the prevalence of the B-thal trait
is high (4.4%) suggesting this homozygous f3-
thal disease constitute a health burden in the
country [6]. In low-income countries, like
Yemen, TDT patients have difficulties
obtaining adequate and suitable blood units,
iron chelation therapy, and routine monitoring
of their kidney functions. These challenges
increase the risks of developing renal
dysfunction [7]. Understanding risk factors and
complications of kidney dysfunction will help
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develop strategies for detection and prevention
of renal disorders in these patients.
Consequently, this study is designed to assess
renal biomarkers by measuring urea and
creatinine, and calculating eGFR in TDT
patients.

2. Materials and Methods

This case-control study was conducted at the
Yemen Society for Thalassemia and Genetic
Blood Disorder (YSTH) Center in Sana’a City
from October to November 2024. Eighty
participants were included: 40 TDT patients
and 40 age- and sex-matched healthy controls.
The OpenEpi software, version 3 (CDC,
Atlanta, USA) was used to calculate the
sample size at a 95% confidence level and
80% power, according to a previous report by
Tantawy et al. [8]. Body mass index (BMI)
was calculated for each participant. Patients
with kidney failure or those who had received
a blood transfusion within the previous three
weeks were excluded.

2.1. Sample Collection and Testing

Venous blood samples (10 mL) were collected
from each individual by venipuncture. Samples
were transferred into ethylenediaminetetra
acetic acid (EDTA) tubes for hematological
analysis and plain tubes for serum separation.
Complete blood count (CBC) was examined
by Sysmex KX-21N Hematology analyzer
(Sysmex Corporation, Japan). Levels of urea,
creatinine, iron, total iron-binding capacity
(TIBC), and unsaturated iron-binding capacity
(UIBC) were analyzed using a Beckman
Coulter AU480 automated analyzer (Danaher
Corporation, USA). The estimated glomerular
filtration rate (eGFR) is a widely used measure
of kidney function and it plays an important
role in the detection and monitoring of chronic
kidney disease (CKD). CKiD U25 Equation
(2021) is used for individuals aged 1 to 25
years [9]. The 2021 CKD-EPI creatinine
equation is used for individuals aged 26-29
[10].
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Transferrin saturation was calculated using the
following equation [11]:

Transferrin saturation(%)=(Serum iron+ TIBC)
x 100

2.2. Statistical Analysis

Data were processed using the Statistical
Package for the Social Sciences (SPSS 25.0,
LEAD Technologies, Inc., Chicago, USA).
Normally distributed variables were presented
as mean +SD standard deviation, while
geometric mean with 95% confidence intervals
was used for non-normally distributed
parameters. Independent-samples t-test was
applied to compare mean differences. The
relationship ~ between  Kkidney  function
biomarkers (urea and creatinine), iron profiles,
and hematological parameters was evaluated
using  Pearson's  correlation  coefficient.
Significant differences were considered if the
p-value was <0.05.

3. Results

This study enrolled a total of 80 subjects aged
between 2 and 29 years old, of whom 40 had
TDT and 40 controls. The cohort consisted of
52 males and 28 females.

Demographic and hematologic parameters
for both TDT patients and controls are
presented in Table 1. Hemoglobin (Hb), red
blood cell (RBC) count, hematocrit (Hct),
mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration
(MCHC) were significantly lower in the
patient group compared to controls (p < 0.05).
Conversely, red cell distribution width-
coefficient of variation (RDW-CV) was
significantly higher in thalassemia patients (p
< 0.0001). White blood cell (WBC) count was
non-significantly higher in the patients than in
the controls (p = 0.08). No significant
differences were observed between patients
and controls in terms of age, Body Mass Index
(BMI), mean corpuscular volume (MCV), and
platelets (PLT).

Table 1. Demographic and hematologic parameters of TDT patients and controls

Thalassemia patients

Control (n = 40)

Parameters (n=40) p-value
Mean = SD Mean = SD
Age (Years) 10.8+55 11.6+6.1 0.51
BMI 176+6.4 19.9+6.5 0.12
Hb (g/dL) 78+12 13.9+ 1.4 <0.0001*
RBCs (x 10'2/L) 3.1+05 52+0.6 <0.0001*
Hct (%) 23.7+3.6 40.6+4.2 <0.0001*
MCV (fL) 77.4+6.5 79+6.6 0.29
MCH (pg) 25.6+2.8 27.1+26 0.02*
MCHC (g/dL) 33.1+15 343+1 <0.0001*
RDW-CV (%) 20+£5.2 13.9+0.9 <0.0001*
WBCs* (x 10°/L) 8.1 (6.9-9.5) 6.9 (6.3-7.5) 0.08
PLTs* (x 10°/L) 324 (269-389) 309 (295-331) 0.79

* Data are presented as geometric mean (95% confidence interval) evaluated by Independent-Samples t-test.

* Significant level p < 0.05.
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The comparison of the TDT patients with
the healthy controls drawn in Table 2 revealed
significantly higher serum iron levels and
transferrin saturation in patients (p < 0.0001),
while TIBC and UIBC were significantly
higher in healthy controls (p <0.0001 and p <
0.0001, respectively).

Furthermore, Table 2 showed that serum
urea and creatinine levels were significantly
lower in thalassemia patients compared to

respectively). The eGFR was significantly
higher in patients compared to controls (p <
0.0001).

Table 3 revealed that urea was negatively
correlated with age (r = — 0.345, p = 0.03) but
positively correlated with RBC count (r =
0.339, p = 0.01). On the other hand, creatinine
was positively correlated with age (r = 0.470, p
= 0.002) and negatively correlated with MCHC
(r = — 0.405, p = 0.01). No correlation was

controls (p = 0.003 and p < 0.0001, found between eGFR and the other parameters.
Table 2. Iron profile and kidney function tests of TDT patients and controls
Parameters Thglassemia patients Control (n =40) p-value
(n =40) (mean = SD) (mean + SD)

Serum iron (umol/L) 33.4+15.6 13.7+5.1 <0.0001*
TIBC (umol/L) 458 +16.3 64.1+6.38 <0.0001*
UIBC (umol/L) 121+7 50.4 + 8.4 < 0.0001*
Transferrin saturation (%) 72+15 22+9 <0.0001*
Urea (mmol/L) 3.71+£1.1 44+1 0.003*
Creatinine (umol/L) 22.7+8 45+17.8 <0.0001*
eGFR (mL/min/1.73m?) 197 £ 56 113 £ 26 < 0.0001*

Data are presented as mean + SD evaluated by Independent-Samples t-test. * Significant level p < 0.05.

4. Discussion

B-thalassemia is an inherited disorder
characterized by a deficiency in B-globin chain
production, leading to microcytic hypochromic
anemia [12, 13]. Extravascular hemolysis
results from erythrocyte fragility, and both
extravascular hemolysis and ineffective
erythropoiesis can contribute to anemia in -
thalassemia patients [14, 15]. B-thalassemia is
also associated with metabolic irregularities,
excessive iron storage in various organs,
chronic hypoxia, and cellular injury [16]. The
current study aimed to investigate kidney
function in TDT patients compared to healthy
subjects.

This study showed that urea and creatinine
levels were within the reference range but
significantly decreased in the patients
compared to the control. These findings align
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with a previous study demonstrating
significantly reduced plasma urea and
creatinine in thalassemia patients compared to
healthy subjects [17]. Conversely, other studies
reported no significant differences in urea and
creatinine levels within thalassemia patients
[18, 19]. Patients’ mean age in the current
study was 10 years; however, mild dysfunction
of renal tubules and reduced glomerular
filtration rate have been observed in old
patients suffering from B-thalassemia major, a-
thalassemia, and hemoglobin E/B-thalassemia
[20, 21]. Tubular defect in B-thalassemia has
been linked to several factors, including
chronic anemia with hypoxemia, intravascular
and extravascular destruction of RBCs, long-
term blood transfusions, iron accumulation,
and  desferrioxamine  toxicity = [22-25].
Furthermore, the decrease in creatinine levels
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may be associated with a lower BMI due to
developmental delays and reduced muscle
mass in PB-thalassemia patients [26, 27]. The
findings of the current study revealed that
eGFR was significantly higher in the patient
group. This result contradicts a 2023 meta-
analysis of 15 studies, which found GFR was
higher in healthy controls than in patients with
B-thalassemia major [28]. On the other hand,
Hassanein et al. [29] reported higher eGFR in
thalassemia major cohorts. Hyperdynamic
circulation in thalassemia, resulting from
chronic anemia, increases renal plasma flow,
leading to glomerular hyperfiltration [29]. The
eGFR is overestimated by various serum
creatinine-based equations due to low
creatinine levels in TDT patients. This can be
attributed to the fact that urinary excretion of
creatinine is equal to creatinine production in
healthy individuals, as most creatinine is
produced by muscles, whereas the lower
creatinine clearance in TDT patients indicates
decreased production by their muscles [30].

In this study, Hb, RBCs, Hct, MCH, and
MCHC were significantly lower in thalassemia
patients.  In  contrast, RDW-CV  was
significantly higher in thalassemia patients
compared to controls. These findings are
consistent with previous studies reporting
decreased Hb, RBCs, and RBC indices in
thalassemia patients [31, 32]. These reductions
can be attributed to the chronic hemolytic
anemia characteristic of B-thalassemia, which
leads to a constant drop in hemoglobin,
erythrocyte count, and specific red blood cell
indices [33]. The elevated RDW-CV indicates
anisocytosis due to erythrocyte fragments,
normoblasts, microspherocytes, and microcytic
erythrocytes [34].

Conversely, platelet and white blood cell
counts were non-significantly increased in
patients; they remained within the normal
reference range. This result is consistent with
previous studies [32, 35]. Increased activity of
the immune system in patients receiving
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frequent blood units from different donors,
often accompanied by febrile reactions, may
explain the elevations in WBC and platelet
counts [36, 37]. Importantly, most thalassemia
patients (n= 33) in the current study had not
undergone splenectomy, leading to normal

leukocyte and platelet counts. Increased
susceptibility to infections and septic
complications was associated with

splenectomy, leading to higher morbidity and
mortality compared to non-splenectomized
patients [38, 39].

In the current study, UIBC and TIBC were
significantly lower in B-thalassemia patients.
This result is consistent with previous reports
[40, 41]. Concurrently, an increase in serum
iron levels and transferrin saturation has been
observed in f-thalassemia patients, which is
supported by several other studies [42—44]. In
B-thalassemia, the reduction of B-globin chains
leads to the deposition of a-globin chains. The
excess amount of these a-globin chains is a
main contributor to cellular oxidative stress
and erythroid cell damage, and the resulting
ineffective  erythropoiesis stimulates iron
overload [45, 46]. Moreover, iron overload is
attributed to chronic blood transfusions in
these patients [47]. TIBC and UIBC quantify
the capacity of the body to bind and transport
iron by transferrin [48]. In beta-thalassemia
major, there is increased iron absorption in
response to ineffective erythropoiesis, while
the diminished production of beta-globin
chains results in the ineffective utilization of
absorbed iron, leading to accumulation of
unbound iron in the blood [49]. This excess
iron can induce tissue damage and other
complications [50]. No previous studies have
supported the findings of the present study
regarding the negative relationship between
urea and age or the positive association of urea
with RBC countin transfusion-dependent -
thalassemia patients. Furthermore, no evidence
was found for a positive correlation between
creatinine level, age, and MCHC.

19

The limitations of the present study
include a small sample size, the lack of serum
ferritin  measurement, and a short study

duration. Further longitudinal research is
recommended to evaluate renal function in
patients ~ with  transfusion-dependent  B-
thalassemia.

5. Conclusion

This study revealed that kidney function
markers (urea and creatinine) were low in TDT
patients, while serum iron and transferrin
saturation were significantly higher. TIBC and
UIBC levels in TDT patients were lower than
those in healthy controls were. Further studies
including investigation of early renal
biomarkers such as urinary B2 microglobulin
and urine calcium to creatinine ratio are
required to confirm the presence of subclinical
kidney injury in TDT patients.
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Abstract

This paper investigates the predictive power of timing-
based enrollment behaviors in response to a practical
institutional need for an early warning system aimed at
reducing academic attrition associated with late course
drops. A learning analytics methodology has been adopted
to examine three timing-based behavioral indicators: late
enrollment, academic planning regularity, and enrollment
procrastination, as early predictors of late course drop
across three analytical levels, micro (course-level), meso
(semester-level), and macro (program-level). More
specifically, the three timing-based enrollment behaviors
have been extracted from students’ transactional
enrollment logs of 13 semesters, and logistic regression
analysis between each indicator and late course drop, at
each level, has been conducted. The findings indicate that
both late enrollment and enrollment procrastination are
robust positive predictors of academic risk across all
analytical scales (p<0.001), with effect sizes becoming
most pronounced at the programmatic level (Odds
ratio=34.54 for late enrollment). In contrast, academic
planning regularity emerged as a protective indicator
(Odds ratio=0.404 at the meso level) associated with
improved preparedness for semester workload demands.
The findings support the transferability of timing-based
behavioral indicators analytics while providing actionable
intelligence for institutional early warning systems to
enable earlier and more targeted student interventions
before critical academic loss occurs.

Keywords: Learning analytics, transferability, academic
attrition, late course drops, enrollment behaviors,
transactional logs, early warning systems
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1. Introduction

In response to the rapid growth of digital
transformation in higher education, the two
interdisciplinary fields of educational data
mining (EDM) and learning analytics (LA)
continue to develop computational methods for
the effective analysis of large-scale educational
datasets, which are being generated in
increasing volumes and at an accelerating pace
[1]. In achieving this common aim, researchers
in both fields utilize various types of data on
learners and their learning environments. A
fundamental distinction among educational
data is whether they reflect static or dynamic
aspects of learners [2]. While static data
provide a fixed historical profile, dynamic
data, often termed 'digital trails' [3], capture
the evolving nature of students' academic
journeys as they interact with the learning
environment.

Recent years have witnessed a growing
shift in research focus toward the utilization of
these dynamic behavioral data streams [4, 5],
owing to their inherent ability to capture
learners' behavioral characteristics and reveal
their  continuously  evolving  academic
journeys—rather than fixed historical profiles
[2]. This growth has been driven by the
recognition that longitudinal behavioral data
enable the construction of more accurate
student models. In this respect, various types
of dynamic educational data have been
accumulated, including  high-granularity
interaction logs from learning management
systems (LMSs) (e.g., login frequencies and
resource access patterns), digital records of
campus activities obtained through smart card
check-ins (e.g., library entries and clinic
visits), and Wi-Fi-based spatiotemporal
trajectories that track students' movements
across different study and recreational areas on
campus.

A potent source of dynamic data capable
of reflecting the behavioral traces of students'
decision-making processes can be found in
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transactional enrollment data. These data
provide a process-oriented view of the meso-
level enrollment trajectories that students
navigate during the initial registration period
before arriving at their finalized schedules [6].
In contrast to learning management system
(LMS) activity logs, which primarily capture
students' engagement and interactions after a
course  has  commenced, transactional
enrollment data reveal the sequence of
enrollment decisions made before instruction
begins. This level of granularity enables the
identification of complex behaviors, such as
course shopping and enrollment
procrastination (EP), which remain largely
invisible in other dynamic data streams [6].
Furthermore, as these records are extracted
directly ~ from  administrative  student
information systems, they provide complete
cohort coverage and are not subject to the self-
reporting and non-response biases commonly
associated with survey-based dynamic data [6].

A critical challenge facing higher
education institutions, resulting in significant
credit loss and financial penalties, is student
attrition. In  response to this problem,
researchers have increasingly focused on
developing early warning models capable of
identifying at-risk students during the initial
weeks of study [6, 7]. Fine-grained
transactional enrollment data, in the form of
timestamped records of course add and drop
actions, have emerged as a valuable source of
predictive indicators [6, 8]. The advantages of
these data lie in their ability to provide timely
and continuous predictors of student academic
performance by revealing temporal decision-
making processes weeks before official
academic deadlines [8, 9]. This capability is of
paramount importance for identifying and
mitigating student attrition, particularly late
course drops (LDs), which result in substantial
yet often overlooked credit loss and financial
penalties [6, 7, 10]. The identification of these
digital trails during the enrollment phase
enables institutions to detect at-risk students
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early enough to implement pedagogical
interventions and personalized support before
academic loss occurs [5, 11, 12].

While existing literature has explored the
impact of enrollment timing as an early
predictor of student academic performance in
diverse settings, a significant challenge in
adopting reported findings persists due to the
inherent and specific nature of LA as a heavily
context-dependent  field [1, 11]. More
precisely, most research in LA originates from
problems encountered at a specific institution
and relies on data specific to that institution.
Therefore, predictive models often lack
external validity, generalizability, and practical
utility when applied to diverse educational
environments [11, 13]. For example, most
research in enrollment-based analytics has
been conducted at large US public institutions
or online-only universities, which motivate the
need for transferability research to investigate
whether the established findings in these
specific institutional contexts, remain valid and
robust across different institutional settings [5,
4].

At Ar-Rasheed Smart University (RSU), to
deal with the academic attrition problem, an
early warning system (EWS) has been
proposed, based on converting raw
administrative logs into actionable intelligence
required for effective decision-making [3].
This enables RSU to provide proactive support
and intervention, such as targeted academic
advising and workload awareness dashboards,
before students reach a critical academic loss
point [4, 12]. With this motivation, the present
research seeks to examine the external validity
of three timing-based student enrollment
behaviors, specifically late enrollment (LE),
academic planning regularity (APR), and EP,
within the unique administrative context and
student enrollment patterns of RSU [4, 12].

Despite the documented predictive power
of enrollment timing in large US public
universities, a significant research gap remains
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regarding the transferability of these indicators
to the unique administrative and cultural
contexts of smart universities in the Middle
East, such as RSU. While previous research
often focuses on single-semester snapshots,
this  research  establishes  timing-based
behaviors as objective behavioral proxies for
unobserved psychometric traits like self-
regulation and conscientiousness. Furthermore,
the research introduces a novel multi-scale
(micro-meso—macro) analytical framework
that  utilizes  fine-grained  transactional
administrative logs to generate longitudinally
updated behavioral profiles. This approach
transforms routinely collected enrollment data
into actionable intelligence for institutional

EWS, enabling proactive  pedagogical
interventions before critical academic loss
occurs.

2. Literature Review

Student academic performance has long been
regarded as one of the key indicators of quality
in higher education, around which institutional
policies, teaching practices, and student
support services are organized [14]. In this
respect, academic performance reflects both
the effectiveness of educational institutions in
achieving their intended learning outcomes and
the extent to which students successfully attain
these outcomes [15]. Consequently, predicting
future academic performance has become an
important  research  objective, enabling
institutions to move from reactive educational
practices toward proactive intervention
strategies. Such predictive capabilities allow
timely implementation of academic advising,
personalized feedback, and other support
mechanisms that improve student success,
enhance retention, and reduce academic failure
[12]. Nevertheless, accurate prediction remains
a challenging task because learning is
inherently ~ dynamic,  cumulative, and
influenced by a wide range of heterogeneous
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factors that evolve throughout a student's
academic journey [16].

To address this challenge, previous
research has investigated numerous factors
associated with student academic performance
[4]. In general, these factors can be classified
into four broad categories. The first category
comprises  demographic characteristics,
including age, gender, ethnicity, and disability
status. The second category includes prior
academic records, such as high school grade
point average (GPA), national examination
scores, and university admission results. The
third category encompasses psychometric
characteristics, including self-efficacy,
motivation, self-regulation, learning strategies,
and personality traits such as the Big Five.
Finally, socio-economic and environmental
factors, including family income, parental
education, and institutional support, constitute
another important category of predictors [11,
17, 18]. Although these factors have
demonstrated considerable predictive
capability for traditional student populations,
their effectiveness is often reduced when
applied to non-traditional, mature, or
socioeconomically diverse student groups,
motivating researchers to investigate additional
sources of predictive information [2]. In this
respect, psychometric measures have received
considerable attention because they capture
non-cognitive dimensions of learning that are
not reflected in conventional academic records.
Previous studies have shown that variables
such as conscientiousness, self-efficacy, and
learning strategies explain a substantial
proportion of the wvariation in academic
performance. However, the dependence of
these measures on self-reported questionnaires
introduces several practical limitations,
including response bias, limited scalability,
and the difficulty of collecting such
information continuously throughout students'
academic progression [7].

More recently, research has increasingly
shifted toward the utilization of dynamic
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behavioral data, which consist of continuously
evolving digital trails generated as students
interact with institutional systems throughout
their academic activities [3, 5]. Unlike static
demographic or historical academic records,
these data provide a real-time representation of
students' behavioral patterns and learning
activities. In this respect, various forms of
dynamic behavioral data have been utilized,
including high-granularity interaction logs
collected from LMSs [4, 12, 19] and intelligent
tutoring systems [20]. These systems capture
detailed information regarding students'
engagement, such as login frequency, resource
access patterns, clickstream events, and
system-specific activities, including saving,
simulating, or modifying learning artifacts.
Beyond instructional platforms, researchers
have also utilized behavioral information
derived from smart ID card transactions [21,
22] and Wi-Fi access logs [21] to characterize
students' broader campus activities, including
library utilization, consumption habits, and
spatiotemporal movement across university
facilities. Another important source of
dynamic behavioral information is represented
by transactional enrollment records, which
provide fine-grained histories of students'
administrative interactions during course
registration [8, 9]. Unlike conventional
learning activity logs, these records provide a
process-oriented representation of enrollment
behavior by capturing the sequence of course
additions, drops, and waitlist actions that
students perform before finalizing their
semester schedules [6, 8]. Consequently,
mining these transactional records enables the
identification ~ of  complex  enrollment
behaviors, such as course shopping, through
which students repeatedly modify their
schedules in an attempt to optimize workload,
course selection, and personal preferences [6,
10].

An interesting utilization of transactional
logs is the detection of early behavioral signs,
such as schedule mismanagement or
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enrollment uncertainty, that remain entirely
invisible in other forms of dynamic behavioral
data [7-9]. A specific group derived from fine-
grained transactional enrollment logs has
emerged as a potent early signal of student
attrition [6, 7]. One of the most extensively
researched indicators is LE, typically defined
as enrolling in a course on or after the first day
of instruction [12, 23]. Extensive research
across diverse institutional settings confirms a
statistically significant negative correlation
between registration timing and final academic
marks, with LE students frequently earning as
much as a full GPA point lower than their on-
time peers [12, 23]. This delay is often
interpreted as a behavioral proxy for student
diligence and self-regulation; students who
register late often begin the term already at a
disadvantage, having missed foundational
syllabus overviews and essential initial
assignments [7, 12]. Closely linked to these
temporal patterns is the construct of EP, which
measures the relative time point at which a
student initiates administrative actions in
relation to institutional deadlines [6, 23].
Research indicates that high EP often triggers a
vicious cycle of self-regulatory failure, where
students inadvertently take on higher effective
workloads and more difficult course sets that
they are ultimately unprepared to manage [9,
24]. Conversely, APR, defined as the even
spacing of enrollment actions throughout the
registration window, serves as a critical
protective indicator [6, 9]. Students who
exhibit regular planning habits are statistically
less likely to experience the schedule

mismanagement that leads to LDs and
institutional credit loss [9, 10]. By mining
these timing-based "digital trails" during the
enrollment phase, institutions can develop
proactive EWS that provide support at the
point of registration rather than waiting for
semester-end assessment failures [4, 12].

Despite the predictive power of enroliment
behavioral indicators, a fundamental limitation
often encountered in the existing models is
their lack of external validity. More precisely,
most existing LA models are heavily
dependent on private, institution-specific
datasets, which make them context-dependent
models. Such models are trained on specific
populations and frequently fail when applied to
diverse  educational environments  [4].
Consequently, the existing LA models are
restricted in their practical utility due to their
inability to link their results to local
educational policies and draw actionable
insights required for practitioners, such as
advisors and administrators, to make better
decisions [4]. These inherent problems
motivate transferability research that validates
established enrollment behavioral indicators
within specific institutional contexts to ensure
that institutional EWS are both reliable and
precisely tuned [6, 12].

To provide a clear overview of how the
current study relates to and extends previous
research in timing-based behavioral analytics,
Table 1 summarizes the key dimensions of
relevant prior studies in comparison to our
multi-scale approach.

Table 1. Comparison of relevant timing-based predictive research

Ref. Data source Analytical level Main outcome Behavioral proxy
[6] Transactional enrollment  Meso Late course drops Procrastination
logs
[12] Registration timestamps ~ Micro Final course score Registration timing
[7] Transactional student Meso / Macro Student attrition Schedule changes
records
[25] LMS activity logs Micro Course achievement Learning persistence
This Transactional enrollment  Micro, Meso, Late course drops Timing-based behaviors
research logs Macro
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3. Methodology

The primary objective of this research is to
implement an LA framework using the
transactional logs of RSU to investigate
timing-based behavioral indicators as early
predictors of student attrition, specifically LDs.
Since an LA methodology has been adopted,
the methodology of this research is viewed as a
specialized adaptation of a knowledge
discovery process that involves the following

four steps [4, 6]: data acquisition; data
processing and integration, feature
engineering,  correlation  analysis, and

actionable insights synthesis.
3.1. Data Acquisition

To achieve the objectives of this research,
transactional ~ enrollment  records  were
extracted from the RSU Student Information
System, which serves as the official repository
of students' academic and administrative
records. The study considers students enrolled
in five undergraduate programs offered by the
Faculty of Engineering and Technology (FET),
namely Information Technology,
Cybersecurity, Interior Design, Graphics and
Multimedia, and Mechatronics. The dataset
covers a period of 13 consecutive academic

Student ID

Course Name

Program Name Student Name Course ID

Sleglasl s

1202210101212
202210100106
202210100237
202210101212

1202210101193
202210100385
202210101212
202210101193

101244 |
1101244 | o
101244
i 101247
101247 |
| 101247
101248
101248

semesters,  providing a comprehensive
longitudinal view of students’ enrollment
trajectories and enabling the analysis of
behavioral patterns over an extended period.

The collected data comprise two primary
categories. The first category consists of
transactional course enrollment logs generated
during the registration period of each academic
semester. These records capture the complete
sequence of enrollment activities through
which students progressively construct their
final semester schedules, thereby providing a
process-oriented representation of enroliment
behavior at the meso level. For each
enrollment transaction, several fine-grained
attributes are recorded. These include the
transaction type documenting every course add
and drop action initiated by the students;
precise timestamps associated with each

transaction, enabling the derivation of
temporal behavioral indicators such as
enrollment delay and procrastination; and

administrative audit records, which preserve
both the initial departmental decision and the
final institutional approval, thereby
distinguishing students' enrollment intentions
from subsequent administrative adjustments.
Figure 1 presents a sample of the raw
transactional enrollment data.

Entrance Final Approval

Semester No
date

Date

14/07/2023 | 10/08/2023
14/07/2023 |
14/07/2023
14/07/2023 |
14/07/2023 |
14/07/2023 |
14/07/2023
14/07/2023 |

Status
Jpr—p
Lt

S

Semester Type Approval
20221
20221
20221
20221
20221
20221
20221
20221

20231
20231
20231
20231
20231
20231
20231
20231

i P23
Gl asine
i
W) 08/08/2023
W) 10/08/2023
Sis
o) 08/08/2023
10/08/2023

W)

202210101212
202210101193
1202210101212
202210100074
202210100056
202210101262
202210100819

101253
| 101253
§ 101254 sslas
1101254 isglas)
101264
| 101264
101266

20221
20221
20221
20221
20221
20221
20221

20231
20231
20231
20231
20231
20231
20231

20/09/2023
10/08/2023
08/08/2023

G| 14/07/2023 |
14/07/2023 |
14/07/2023 |
14/07/2023 |
14/07/2023 ;
14/07/2023 |
14/07/2023

Wl
o)
Sl
Bl

sy

12/08/2023
12/08/2023

WLs) 12/08/2023

202210100974
$ 202210100897
202210100106
202210100387
202210100385
202210100237

| 101266
101266

| 101266 :
101266

| 101266
101266

20221 refers to the first semester of the academic year 2022.

proes
o)
L)

20221
20221
20221
20221
20221
20221

20231
20231
20231
20231
20231
20231

14/07/2023 |
14/07/2023 ;
14/07/2023
14/07/2023 |
14/07/2023 |
14/07/2023

12/08/2023
10/08/2023
10/08/2023
12/08/2023
10/08/2023
10/08/2023

Al

rrrrrrrrrlerreelen

e

W)

Figure 1. Snapshot of RSU-FET transactional logs data.

The second form of raw data is a
recording of student academic performance.
This involves granular performance indicators
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for every student-course pair: the course grade
point, the raw mark standardized on a 4-scale
point, and course status, which is the final
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administrative status of the enrolled course,
with categorical labels such as passed, fail, and
late course drop (LD). The specific status "LD"
(withdrawals after the official penalty-free
deadline) is identified in literature as a key
indicator of academic planning
mismanagement. Figure 2 is a snapshot of the
academic performance data.

As will be described in the subsequent
subsections, the two forms of raw data are
integrated into one record for each student-pair
and serves as the foundation for the subsequent
preprocessing and feature engineering stages
(Figure 3). A summary of the dataset’s scale is
provided in Table 2.

Besides the forms of student data
mentioned above, data on official study plans

for each of the five programs have been
collected. These study plans serve as the
normative baseline for optimal university
curricula, defining the prescribed sequence of
courses students are expected to pursue to
achieve on-time graduation. For every
academic program, the study plan dataset
includes: curricular classification, detailed
markers indicating whether a course is
compulsory, university elective, or a program
elective; academic prerequisites, the specific
pre-requisite courses required for enrollment in
a particular course; and course metadata
including course hours, max score, and min
score, which provide the necessary context for
interpreting the Grade Point data.

H Entrance | Semester i Grade | Relative Final | Credit : Modification
Program Name | Student ID Student Name CourseID!  Course Name i Score i i
; Semester;  No . Point | Score Approval  Hours ;|  Date

202210100841 101590 | (102) sl 4l | 20221 | 20223 0.1 0 i 4} 2023/07/20
202210100849 101590 © (102) gl AU | 20221 | 20223 I 0 54 4 3oz3for/20
202210101229 101005 | iy 20221 | 20023 TS % sS4 220230723
L2oamotonseo; 10188 | (a 20001 ;2003 A48 23 07 B 4L 200307/25
202110100353 101263 | 20211 | 20223 7 1 53 tiSh 3 i 2003/07/26
202210100969 101589 20221 | 20223 | 190 | & % i a4 20307/27
202210101001 101589 | 20221 | 20233 200 4 100 s 4 2023/07/27
202210100422 101590 | 20221 | 20023 o 0 o sS4 4 2023/07/27
202210100897 o 101590 : 20221 20223 00 0 $54 a 2023/07/27
202210100858 101263 | 20221 | 20223 a1 1 54 5S4 3 2023/07/27
202210100422 101002 20221 | 20223 0 554 2 2024/01/22
202210100422 101262 | 20221 | 20223 20 T 13 54 3 2024/01/22
202210100993 101263 | 2001 ;20023 84 . 13 56 554 3 2024/01/22
202210100152 101262 20221 © 20223 ] £She 3 202401/22
202210100736 101589 | 20221 | 20223 : 5S4 4 2004f01/24
202210100805 101589 20221 | 20223 158 | 27 20 fo N 4 2024/01/27
202210101178 101589 | 20221 | 20223 182 3 81 e $i54e 4 a0aaj01/27
202110100193 101264 | 20011 ;2002380 17 R0 el 554 3 004/01/27
202210100311 101019 L 20221 ¢ 20223 ] Wl e 8Sha 2 aozajon/zr
202210100311 101243 | 20221 | 20223 ) Gelior o] a8k 3 2004f01/27
202210100762 101243 | 20221 | 20223 H 0 Gl e LI 5.5 3 i 2024/01/27

Figure 2. Snapshot of the RSU-FET student academic performance.

Table 2. Quantitative summary of the collected RSU-FET data

Data aspect Magnitude / Details

Institutional context FET, RSU

Observation period 13 Semesters

Academic programs

Primary data source
Transaction types
Performance identifiers
Data format

52890 records
51771 records

Size of enrollment data

Size of academic data

Information  Technology,
Multimedia, Mechatronics)

Cybersecurity, Interior Design, Graphics and

RSU student information system
Add, Drop, Department decision, Final approval
Grade point (GP), Course status (Pass/Fail/LD)

Student-Period (one row per student-course-semester)
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Study Plan
Program Name
Semestar

Course

| Course Name - Arabic | Course Name - English

Course ID
Semaestar H

20241 3 Prabability & Statistics
g Probability & ¢ .
20241
20211
20251
20241
20222
S
20211
|2
20231
20241
LA
2028
20231
20241
.
20241

101266
oiso ]
101570 |
101274
1 10427
10127:
| 101274
101468 |
101001 ;
1 103004,
101001 |
| 101001
101008  UNI
.. 103008 | LI
| 101266 |
101266
1 101570 | INTO22
101570 |
- Jo0is |

| Digital Phatography

tog:
Digital Photography

20231
20241

34 5! guaiputer Aided Interior Desigy

Course
Hours.

El ]

3
.
3
3
3

3
2
2
2
2
2
2
3
3
3
3
2
2

i Min
. Score

Max
Score

Course Course
Typel | Type-il

University
Elactive

LI
i P

Required | rogram
Elactive

Pre-raquiste IDs |
i Electives |

2
Compul
Electives A~

'.3 ].'..3.

e

TRUE
o JRUE
TRUE
TRUE
e JRUE
TRUE
TRUE
TRUE
e
L
TRUE
TRUE
TRUE
o JRUE T
TRUE
TRUE
o JRUE
TRUE

FALSE | FALSE
CEASET T RALSE
FALSE | FALSE
FALSE | FALSE
_FMSE | FALSE ]
FALSE | FALSE
FALSE FALS
FALSE | FALSE ]
FALSE | FALSE
FASE | FALE |
FALSE | FALSE
FALSE FALS
FALSE | FALSE
FALSE . FALSE
FALSE | FALSE
FALSE | FALSE
_FALSE | FALSE ]
FALSE | FALSE
FALSE FALS
FALSE__|_FALSE

[ 10U P[5 100 PO ) U [ R P8 10 ) Fog 0 P YO 108

TRUE
TRUE

12
12

Figure 3. Snapshot of the RSU-FET programs study plans.

3.2. Data Preprocessing and Integration

The raw data extracted from the RSU student
information  system constitute a large
repository of administrative digital trails that
require extensive preprocessing before they
can be utilized for predictive modeling. This
stage is essential for ensuring that the
information collected from the three primary
data sources—transactional enrollment
records, academic performance records, and
study plans—is complete, consistent, and
suitable for subsequent analysis. In this
respect, preprocessing establishes a reliable
representation of students' academic behavior
by resolving inconsistencies across the
different data sources while preserving the
integrity of the original administrative records.
Consequently, the resulting dataset provides an
objective basis for behavioral analysis without
the response and recall biases commonly
associated with self-reported data.

Each data source was subjected to a series
of preprocessing operations to improve data
quality prior to integration. Student privacy
was preserved through the anonymization of
all  personally identifiable information,
including the removal of student names,
thereby ensuring compliance with institutional
requirements for research ethics. Temporal
attributes,  including  application  dates,
modification dates, and final approval dates,
were subsequently standardized into a unified
date format to ensure consistency across all
transactional records. Missing values were
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handled according to the availability of
historical information; records with sufficient
academic history were completed where
possible, whereas observations  with
insufficient information were excluded to
preserve the reliability of the subsequent
analysis. In addition, abnormal temporal values
that fell outside the official registration period
were identified and corrected according to
institutional registration rules. Categorical
variables, including program name, entrance
semester, and semester number, were encoded
into numerical representations to facilitate
computational processing, while duplicate
records were identified and removed to ensure
that repeated administrative transactions did
not distort the derived behavioral indicators.

Following the preprocessing stage, the
three cleaned datasets were systematically
integrated into a single longitudinal dataset
representing each student's academic trajectory
throughout the study period. This integration
process established a unified analytical
repository that combines enrollment behavior,
academic  performance, and curriculum
information, thereby providing the foundation
for subsequent feature engineering and
predictive modeling. This phase began by
unifying column nomenclature across the
sources, such as reconciling 'Course Hours'
from the program study plans with 'Course
Credit Hours' from the academic performance
records. The enrollment data was then linked
with the academic performance data using
unique combinations of 'Program ID', 'Student
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ID', 'Entrance Semester', 'Semester No', and
'‘Course ID'. This combined data source was
further integrated with the program study plan
data using the 'Program ID', 'Study Plan
Semester’, and 'Course ID' columns as
relational keys. To enhance the granularity of
the longitudinal analysis, a new feature,
'Student Sem No', was derived by calculating

Sty Pan Appication ;Awicaﬁm

ppeoed

the student's relative semester standing based
on their entry point ('Entrance Semester’) and
the current 'Semester No'. In summary, the
preprocessing  stage  transformed  raw,
fragmented administrative records into a
unified longitudinal student-period format as
illustrated in Figure 4.
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Figure 4. Snapshot of the integrated RSU-FET dataset.

3.3. Feature Engineering
In this phase, the three timing-based
enrollment  behavioral indicators, as

manifestations of underlying student traits of
conscientiousness, decisional procrastination,
and academic self-efficacy are quantified to
investigate their prevalence within RSU-FET
dataset, across three hierarchical levels: micro
(course), meso (semester), and macro
(program) levels.

3.3.1. Late Enrollment

LE is formally defined as the act of enrolling
in an academic course on or after the first day
of the instructional term. However, for the
RSU context, LE is defined as the act of
enrolling in an academic course after the
deadline of the allowed enrollment period,
which span two weeks for course add and four
weeks for course drop. Within LAs literature,
LE indicator is widely utilized as a behavioral
proxy for a student’s academic diligence and
momentum,  with  longitudinal  research
consistently linking registration delay to a
decline of approximately one full GPA point in
performance. In  this  research, the
quantification of LE is extended across three
hierarchical levels—micro (course), meso
(semester), and  macro  (program)—to
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differentiate between situational course-level
delays and a longitudinal trait of chronic
administrative procrastination. At the micro
level, the indicator is defined relative to the
specific enrollment window of an individual
course. This metric identifies students at risk of
"Syllabus Shock," as they may miss critical
introductory material, orientation sessions, or
early assignment deadlines for a specific
subject. To ensure comparability across
courses with varying enrollment periods, the
behavior is quantified using the following
formula:

. Tadd - Tenroll_start
micro_LE ; =

Nenroll_days

Where Taa is the date the student applied to
enroll in a specific course C, Tenroll_start IS the
opening date of the enrollment period, and
Nenroll_days represents the total number of days
in the enrollment window.

At meso level, the metric evaluates a
student’s overall diligence in navigating the
institutional registration system for an entire
semester. This captures the student's ability to
secure a preferred schedule before sections
become impacted or closed. The indicator for a
student at semester S is quantified by
averaging micro_LE across all courses in
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which the student that

semester:

enrolled during

Cc
meso_LEg = %Z micro_LE;
i=1
Finally, at macro level, the indicator
represents the longitudinal  behavioral
consistency of the student across their entire
academic study at RSU. This level is designed
to isolate LE students for whom administrative
delay is a stable behavioral trait rather than a
one-time incident. The macro indicator for a
particular student is computed as the average
of all semester-level meso-indicators:

cs
1

macro_LE, = — Z meso_LE, ¢
CcS pert

3.3.2. Academic Planning Regularity

APR is defined as the degree to which a
student exhibits a consistent and even
distribution of registration activities
throughout the enrollment window, rather than
frantic or sporadic bursts of action. First
introduced by Borchers [9], this index serves
as a behavioral proxy for a student's
conscientiousness and organizational self-
regulation. Students with high regularity scores
demonstrate a deliberate and sustained
engagement with their academic trajectory,
which the literature links to higher academic
performance and a lower incidence of late-term
course withdrawals. Conversely, irregular or
episodic planning behavior often signals a lack
of preparedness or decisional anxiety, which
can lead to suboptimal course selection.

As established in the hierarchical
framework of this report, APR is conceptually
and mathematically restricted to the meso and
macro levels, because it requires a longitudinal
distribution of multiple timestamped actions to
establish a tendency or spread of activity,
making it impossible to derive from a single
course interaction.
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At the meso level, the regularity index
captures how a student manages their
registration tasks within a single academic
term’s enrollment window. The metric is
calculated as the standard deviation (SD) of the
difference in days (Ai) between consecutive
enrollment actions (Adds and Drops),
normalized by the total duration of the

enrollment period (Nenroll_days):
SD(Ay, As, ..., M)

Nenroll_days

meso_APRg =

Where Ai=Ti—Ti-1 denotes the time gap in days
between the i-th and (i—1)-th enrollment
action, and n represents the total number of
actions. In RSU-FET dataset, it is derived by
isolating all application dates for a specific
student within a semester. The day-gaps
between these sequential dates are calculated,
and the standard deviation formula is applied
to produce a semester-based regularity score.

At the macro level, the indicator evaluates
the longitudinal stability of a student's
planning behavior over their entire semesters
at RSU. This level distinguishes between
students who may have had one frantic
semester due to external life stressors and
those for whom irregular planning is a
persistent  behavioral trait. The macro
regularity indicator of a student x is quantified
by calculating the longitudinal mean and
variance of the student's semester-based APR
scores:

CcS
1
macro_APR, = Ez meso_APR, ¢
s=1
3.3.3. Enrollment Procrastination
Procrastination in the context of course
enrollment is defined as a student’s tendency to
wait until the final stages of the registration
window to complete course enrollment. While
procrastination has traditionally been measured
using subjective, self-reported survey scales,
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recent advancements by Borchers [6]
pioneered the use of fine-grained transaction
logs to operationalize this behavior objectively.
Within the LA literature, EP serves as a
behavioral proxy for decisional procrastination
and task avoidance, traits frequently linked to
lower academic self-efficacy and a higher
probability of experiencing adverse outcomes,
such as LDs. Research indicates that students
with high procrastination indices are more
likely to mismanage their course selection,
often enrolling in higher overall workloads—
particularly more difficult courses—than their
earlier-registering peers.

It is essential to distinguish the EP from
the closely related indicator of LE. While both
metrics describe the timing of student actions,
they capture different dimensions of the
registration process. LE focuses on the delay
from the opening of the enrollment window to
a student’s first successful enrollment action,
serving as a measure of academic diligence
and initial momentum. In contrast, EP focuses
on the proximity of a student's actions
(including adds, drops, and swaps) to the final
administrative deadline. Under this framework,
a student might enroll on time (at the start of
their window) but still be identified as a
procrastinator if they wait until the final hours
of the add-drop period to finalize their
schedule or make critical changes.

At micro level, the EP index quantifies the
relative timing of a student's action for
enrolling a single course. The micro EP for a
course C, micro_EPc is normalized to a scale
of 0 to 1 using the following formula:

Taction enroll_start

mlcrO_EPC B Ten‘roll_end - Tenroll_start

Where Taction is the timestamp of course add or
drop action, Tenroll_start IS the opening date of the
registration phase, and Temolenda IS the
institutional add-drop deadline. The final
semester-based index is derived by computing
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the median of these relative values for all
actions initiated by the student. In the RSU-
FET dataset, this is derived by comparing the
application date of every transaction against
the start and end dates of enrollment window.

At meso level, the metric for a student at
semester S is quantified by averaging
micro_ EP across all courses the student
enrolled in during that semester:

Cc
meso_EPs = %Z micro_EP;
i=1
At macro level, the indicator evaluates
longitudinal behavioral consistency across the
student's entire semesters or degree path to
identify chronic procrastination. This distal
view distinguishes between students who may
procrastinate in a single semester due to
external life stressors and those for whom task
avoidance is a stable, persistent trait. The
macro procrastination indicator for student x is
computed as the mean of their semester-based
procrastination scores across all semesters
observation window:

cs
1
macro_EP, = s Z meso_EP, g

s=1
3.4. Statistical Modeling

In this phase of the methodology, a statistical
modeling is performed to examine the
correlation between each one of the three
timing-based enrollment behavior indicators,
LE, APR, and EP, and student attrition,
represented by the LD [6, 12]. In this statistical
model, a behavior indicator is the independent
variable, which is a continuous variable and
the LD is the dependent variable, which is a
binary variable indicating whether a student
withdrew from a course after the permitted
withdrawal deadline [6]. Therefore, logistic
regression (LR) is employed for statistical
modeling [18, 19]. LR is particularly
appropriate for this research because the
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dependent variable, the LD, is binary in nature
[4, 18]. This approach enables quantitative
enrollment timing indicators to be transformed
into actionable predictive insights by
estimating the likelihood of attrition before
critical academic withdrawal points are
reached [4, 19]. Moreover, unlike advanced
machine learning approaches such as Random
Forest, XGBoost, or Support Vector Machines,
functioning as 'black boxes' that lack the
theoretical ~ transparency  required  for
pedagogical application, LR belongs to the
category of ‘white-box' models, providing
interpretable coefficients and odds ratios (OR)
that clarify both the direction and magnitude of
the relationship between behavioral predictors
and academic risk.

It is worth mentioning the statistical
modeling is applied at the micro, meso, and
macro levels for LE and EP, whereas it is
applied at meso and macro levels only for
APR. As mentioned above, the computation of
the APR requires a sequence of enrollment-
related actions over time [6]. At micro level,
the analysis focuses on individual student-
course interactions to assess whether a specific
enrollment behavior of a course can serve as
immediate indicators of risk associated with
that course. At meso level, student behavior is
aggregated at the student-semester level, to
capture broader enrollment patterns and
identify behaviors across an academic
semester. At macro level, the analysis extends
longitudinally across multiple academic
semesters and student cohorts.

3.5. Actionable Insights Synthesis

The findings derived from the statistical
modeling are interpreted in light of the RSU
contextual specifications, allowing for the
synthesis of actionable insights that can be
directly integrated into institutional EWS to
enhance student success and retention [4, 26].
In this manner, the point of intervention can be
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shifted to the very beginning of the semester,
in many forms such as proactive academic
advising focused on workload management [4,
12]. Additionally, the actionable insights can
be integrated for the development of course
recommender systems or workload awareness
dashboards to assist students in selecting
course sets that align with their realistic credit-
hour capacity [9, 27].

4. Results and Discussion

In this section, the results obtained from the
application of LA approach to the enrollment
logs of RSU are presented and the drawn
findings are discussed.

RSU-FET Dataset Statistics

A quantitative overview of the population in
the RSU-dataset is illustrated in Figure 5(a),
where 2,065 unique students are distributed
across the five programs in the FET. The
largest share of students is enrolled in
Information Technology, representing 28.6%
(591 students) of the total population, followed
by Cybersecurity with 23.1% (478 students)
and Graphics and Multimedia with 23.0% (475
students). Mechatronics accounts for 16.0%

(330 students), while Interior Design
represents the smallest proportion at 9.2% (191
students).

The temporal distribution of unique
students across the 12 academic semesters,
Figure 5(b) further reveals noticeable
fluctuations in student volume between
university semesters, which can be attributed
to the university’s structure of the academic
year that consists of two regular semesters and
an optional summer semester. Moreover,
according to the institutional admission and
enrollment system, new student intake occurs
primarily during the first regular semester of
each academic year. That is why the highest
numbers of unique students are observed
during these semesters, whereas substantially
lower counts appear during the summer
semesters.
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In addition, Figure 5(c) shows the
distribution of unique students by student
semester number (i.e., progression through the
degree pathway), which demonstrates a clear
concentration of students in the early stages of
study, particularly in Student Semester No. 1

across all programs. The number of unique
students then progressively declines in the
higher student semesters, indicating a gradual
reduction in cohort size as students advance
toward the later stages of their programs.

Unique Students per Semester (Program-wise)

Unique Students by Program

Graphics and Multimedia i

2 Cybersecurity

4
23.0%
4 @75)

9.2% Mechatronics
(191)
Information Technology

o
20212

2013 20221 20222 20223 20231 20232 20233 2041 20262 20243 20251

(b) Unique students per semester (Program-wise)

Unique Students per Stucent Sem No (Program.-wise)

Interior Design
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Student sem No

(c) Unique students per student semester (Program-wise)

Figure 5. Statistics of RSU-FET dataset.

Similarly, Figure 6(a) presents the
distribution of LD cases across the five
academic programs. Graphics and Multimedia
records the highest proportion of LDs,
accounting for 32.3% (367 cases), followed by
Information Technology with 28.5% (324
cases). Mechatronics contributes 17.8% (202
cases), whereas Cybersecurity and Interior
Design account for 11.4% (130 cases) and
9.9% (114 cases), respectively. Further insight
is obtained by examining the temporal
distribution of LD cases across university
semesters and student semesters, as illustrated
in Figures 6(b) and 6(c). Across university
semesters, the frequency of LDs exhibits
noticeable fluctuations that closely follow the
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university's  academic  calendar.  Higher
numbers of LDs are generally observed during
the first regular semester of each academic
year, coinciding with periods of maximum
student enrollment following the admission of
new cohorts, while substantially fewer cases
occur during the summer semester. This
pattern indicates that institutional enrollment
cycles have a direct influence on the overall
incidence of late course withdrawals. From the
perspective of student progression, Figure 6(c)
shows that LDs are  concentrated
predominantly during the early stages of study,
particularly within Student Semester Nos. 1-4,
after which their frequency gradually decreases
as they progress through their academic
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programs. This trend suggests that students in
the initial stages of their university education
are more likely to encounter challenges
associated with academic adjustment, course
selection, workload  management, and
familiarity with  program  requirements,
increasing their likelihood of withdrawing
from courses after the official drop deadline.
Although the overall distribution of LD cases
broadly follows the distribution of student
enrollment across the five programs, several
program-specific differences are evident. In
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particular, Graphics and Multimedia exhibits a
disproportionately higher proportion of LD
cases relative to its student population,
whereas  Cybersecurity — demonstrates a
comparatively  lower  proportion.  These
observations suggest that factors specific to
individual academic programs, including
curriculum  structure, course  difficulty,
workload intensity, and students' adaptation to
program requirements, may contribute to
differences in late course withdrawal behavior.
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Figure 6. Statistics of RSU-FET dataset.

4.1. Results of Statistical Modeling

This section reports the findings of LR
applications to test the correlation between
each timing-based enrollment behavior and
the LD at micro, meso, and macro levels.

4.1.1. Late Enrollment
LR is used for modeling the association

between the LE behavioral indicator and the
LD at micro, meso and macro levels. The

37

corresponding regression estimates across all
levels are summarized in Table 3.

At the micro level, Relative Lateness is
significantly associated with LD outcomes (3
= 1.4174, p < 0.001, OR = 4.13, 95% ClI
[1.330, 1.505], Pseudo Rz = 0.04315). As
illustrated in Figure 7(a), course-level
patterns show a clear monotonic increase in
late-drop  frequency across enrollment
categories, ranging from On-Time (0.03) to
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Late (0.085) and Very late (0.20). The LR
curve in Figure 7(b) further confirms a

At meso level, meso LE is also a
significant predictor of LD behavior (f =

nonlinear relationship, where the probability 1.6128, p < 0.001, OR = 5.02, 95% CI
of a LD increases sharply with rising [1.380, 1.845], Pseudo R2 = 0.02647).
Relative Lateness, approaching near certainty
at extreme values.
Table 3. LR parameters for LE and LD associations
Analysis No. of Coefficie  Std. ’ ) Odds ratio 8

level Obs.(N) nt(p) error Z-score  p-value (Exp(p)) 95% CI Pseudo R2
micro LE 56,102 14174 0.045 31.76 <0.001 4.13 [1.330, 1.505] 0.04315
meso LE 7,799 1.6128 0.119 13.61 <0.001 5.02 [1.380, 1.845] 0.02647
macro LE 2,065 3.542 0.362 9.79 <0.001 34.54 [2.833, 4.251] 0.07482
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Figure 7. Results of micro LE analysis.

As shown in Figure 8, longitudinal
semester trends indicate that increases in mean
lateness are frequently accompanied by
corresponding increases in late-drop incidence,
with pronounced spikes observed in specific
terms (e.g., semester 20221). Figure 8(a)
shows that students classified as “Very late” at
the semester level exhibit a mean late-drop
probability of 0.29, compared to 0.11 for “On-
Time” students. The corresponding LR curve
Figure 8(b) confirms a consistent upward shift
in late-drop probability as semester-level
lateness increases, reinforcing the predictive
value of aggregated enrollment behavior.
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At macro level, LE demonstrates a strong
and highly significant association with LD
outcomes (B = 3.542, p < 0.001, OR = 34.54,
95% CI [2.833, 4.251], Pseudo R2 = 0.07482).
Figure 9 (a) further highlights this
stratification, where programs characterized by
chronic “Very late” registration exhibit an
average late-drop  probability of 0.38,
compared to 0.06 for “On-Time” groups. The
program-level LR curve in Figure 9(b)

confirms a strong nonlinear increase in
institutional risk as aggregate lateness
increases.
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Figure 8. Results of meso LE analysis.
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Figure 9. Results of macro LE analysis.

Across the three analytical levels, LE
demonstrates a  statistically  significant
association with LD outcomes (p < 0.001). As
shown in Table 3, the magnitude of the
relationship increases progressively from the
micro level (OR = 4.13) to the meso level (OR
= 5.02), reaching its highest value at the macro
level (OR = 34.54). This trend suggests that
the influence of enrollment timing becomes
more pronounced as students' behavioral
patterns accumulate over successive semesters.
Although the pseudo R2 values are relatively
modest, they are comparable to those reported
in  behavioral prediction studies within
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Educational Data Mining, with the highest
explanatory power observed at the macro level
(Pseudo Rz = 0.0748). Collectively, these
findings indicate that enrollment timing
represents an informative behavioral indicator
for predicting academic attrition and highlight
its potential value as a component of
institutional Early Warning Systems.

The findings obtained from the RSU FET
dataset are consistent with previous studies
that identify enrollment timing as an important
behavioral predictor of academic performance
and student attrition. In particular, the
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progressive increase in LD frequency from the behavioral proxy for latent characteristics,
"On-Time" to the "Very late" enrollment including diligence, motivation, and self-
categories is consistent with the findings regulation, as suggested by Lenchner [7] and
reported by Bohler [12], who observed that Siefken [23]. Taken together, these findings
students registering after the commencement provide additional evidence that behavioral
of classes were more likely to experience digital trails derived from transactional
academic difficulties and lower course enrollment data can contribute to the early
performance. Similar observations have been identification of students at risk of academic
reported in [6, 9], where fine-grained attrition, thereby enabling institutions to
transactional enrollment records were used to implement timely academic support before
demonstrate that delayed registration is significant academic loss occurs [4, 6, 12].

positively  associated with late course

. . . . ) 4.1.2. Academic Planning Regularity
withdrawals, possibly reflecting ineffective

workload planning and greater uncertainty LR is used for modeling the association
during course selection. Furthermore, the between APR behavioral indicator and the LD
substantially larger effect observed at the at meso and macro levels. The corresponding
macro level (B = 3.542, OR = 34.54) supports regression estimates across all levels are

the view that enrollment timing may serve as a summarized in Table 4.

Table 4. LR parameters for APR and LD associations

Analysis  No. of Coefficient Std. Qlce Pseudo

Z-score p-value ratio 95% CI
level Obs. (N error R2
b (Exp(8)

Meso APR 6,391 —-0.9071 0.093 —9.772 <0.001 0.404 [-1.089,-0.725] 0.0056

Macro -1.6947  0.227 —7.474 <0.001 0.184 [-2.139,

~1.250]
APR 1,991 0.0890

At the meso level, APR demonstrates a magnitude (B = —1.6947, SE = 0.227, z =
statistically significant negative association =7.474, p < 0.001, OR = 0.184, 95% CI
with LD (B =-0.9071, SE =0.093, z =-9.772, [-2.139, —1.250]). The corresponding ordinal
p < 0.001, OR = 0.404, 95% CI [-1.089, regression results indicate that students with
—0.725]). The LR results indicate that students higher aggregate planning regularity have
exhibiting more regular and evenly spaced lower odds of experiencing LD status.
enrollment actions have lower odds of being
classified into LD (Figure 10). This finding
suggests that consistent academic planning and
systematic enrollment behavior may function
as a protective behavioral indicator against
subsequent late course withdrawal and
associated credit loss.

Across both analytical levels, APR
demonstrates a statistically significant negative
association with LD behavior. As shown in
Table 4, higher APR values—representing
greater regularity in the temporal spacing of
enrollment actions—are associated with lower
odds of occupying a more LD status category

At the macro level, the negative at both the semester (meso) and
association between APR and LD remains program/student longitudinal (macro) levels.
statistically significant and is stronger in The stronger coefficient at the macro level
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suggests that accumulated planning regularity
may provide a more pronounced representation

Meso General Regularity vs. Meso Late Course Drop
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(a) Meso APR frequency across enrollment categories

of students' longer-term enrollment behavior
than semester-specific regularity.

Probability of Meso Late Course Drop vs Meso Planning Regularity

10 o usoe - ®
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(b) Meso APR logistic regression curve

Figure 10. Results of meso APR analysis.

The APR findings are consistent with
previous research in enrollment-based LA,
which identifies planning regularity as a
protective behavioral indicator associated with
reduced academic risk [6]. The negative
relationship observed at both analytical levels
suggests that students who maintain consistent
enrollment planning behaviors may be less
likely to experience the schedule instability
and repeated enrollment adjustments that can
ultimately  contribute to late  course
withdrawals and credit loss [6]. This
observation is also consistent with previous
studies that regard timing-based digital traces
as behavioral proxies for latent characteristics
such as conscientiousness, self-regulation, and
effective planning skills, which have been
associated with student persistence and
academic success [4, 6, 23]. Furthermore, the
presence of a significant negative association
at both the meso and macro levels suggests
that longitudinal enrollment behavior provides
meaningful  information about students'
academic risk beyond individual semester-
level behavior. These findings support the use
of longitudinal administrative enrollment
records as a potential source of predictive
information for the early identification of
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students who may be at risk of late course
withdrawal and subsequent academic attrition
[4,7].

4.1.3. Enrollment Procrastination

As for EP, LR modeling its association with
the LD at micro, meso and macro levels and
the corresponding regression estimates across
all levels are summarized in Table 5.

At micro level, EP is a significant
predictor of LD outcomes (B = 0.6863, p <
0.001, OR = 1.986, 95% CI [0.650, 0.723],
Pseudo R2 = 0.0602). As shown in Figure 11,
disciplinary variation is evident during
semester 20241, where technical programs
such as Mechatronics and Graphics and
Multimedia exhibit both higher mean
procrastination and higher mean late-drop
frequencies across several courses (e.g.,
Course IDs 101019 and 101600). The LR
curve in Figure 12 demonstrates that as the
procrastination index increases, the probability
of a LD rises sharply toward 1.0. These
findings suggest that delays in finalizing
course enrollment actions function as an
immediate behavioral indicator of course-level
academic risk.
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Figure 11. Results of macro APR analysis.
Table 5. LR parameters for modeling EP and LD associations
Analysis  No. of Obs. Coefficient  Std. Odds Ratio ® Pseudo
Level (N) ® Error Z-score p-value (Exp(B) 95% ClI R2
Micro 56,104 0.6863 0.019 37.06 <0.001 1.986 [0.650, 0.723] 0.0602
(Course)
Meso 7,799 0.6216 0.089 6.95 <0.001 1.862 [0.446, 0.797] 0.0267
(Semester)
Macro 2,065 0.8549 0.190 4.49 <0.001 2.351 [0.482, 1.228] 0.0337
(Program)

Probability of Micro Late Course Drop vs. Micro General Procrastination

1.0 4

e o o
B o o
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Figure 12. Logistic regression of micro EP.
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At the meso level, meso EP remains a
statistically significant predictor of LD
behavior (B = 0.6216, p < 0.001, OR = 1.862,
95% confidence interval (CI) [0.446, 0.797],
Pseudo R? = 0.0267). Figure 13 identifies
notable longitudinal fluctuations in
procrastination behavior across semesters,
including a substantial institutional spike
during semester 20221, particularly within
Information Technology and Mechatronics
programs. As illustrated in Figure 13, students

Meso General Procrastination vs. Meso Late Course Drop

0.10 4

o
o
@

Meso Late Drop Status
°
o
&

0.041

Low General Procrastinator

High General Procrastinator
General_Procrastinator_Type

(a) Meso EP frequency across enrollment categories

classified as “high general procrastinators”
exhibit a  late-drop  probability  of
approximately 0.029, compared to 0.009
among “low general procrastinators.” The
logistic probability curve in Figure 13 further
confirms that increasing aggregate
procrastination across a student’s semester
schedule is associated with a higher probability
of experiencing at least one LD during the
term.

Probability of Meso Late Course Drop vs Meso General Procrastination

50 Late

Probabllity of Me:

DOR e

0 2 4 6 8 10
Meso General Procrastination

(b) Meso EP logistic regression curve

Figure 13. Results of meso EP analysis.

At macro level, EP demonstrates a strong
and statistically significant association with
LD outcomes (p = 0.8549, p < 0.001, OR =
2.351, 95% CI [0.482, 1.228], Pseudo R? =
0.0337). Figure 14(a) shows that student
groups characterized by persistently high
procrastination maintain consistently higher
probabilities of late-drop outcomes compared
to lower procrastination groups. The LR curve
in Figure 14(b) confirms a strong positive
relationship between aggregate procrastination
behavior and institutional-level attrition risk.

Across the three analytical levels, EP
demonstrates a statistically significant positive
association with LD outcomes (p < 0.001). As
summarized in Table 5, the observed effect is
consistent across the micro (OR = 1.986),
meso (OR = 1.862), and macro (OR = 2.351)
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levels, indicating that delayed enrollment
decision-making is associated with an
increased likelihood of late course withdrawal
at both the individual and institutional levels.
Although the pseudo R? values are relatively
modest, they are comparable to those reported
in previous behavioral prediction studies
within Educational Data Mining. Among the
three analytical levels, the micro-level model
exhibits the highest explanatory power (Pseudo
R2? = 0.0602), suggesting that procrastination
behaviors observed during individual course
enrollment  provide stronger  predictive
information  than  aggregated behavioral
patterns. Overall, these findings indicate that
EP represents a meaningful behavioral
indicator that can contribute to the early
identification of students who may be at risk of
late course withdrawal.
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Macro General Procrastination vs. Macro Late Course Drop
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Figure 14. Results of macro EP analysis.

The findings obtained from the RSU FET
dataset are consistent with previous studies
that identify EP as an important behavioral
predictor of academic attrition. In particular,
the positive association observed across all
analytical levels agrees with the findings
reported by Borchers [6], who demonstrated,
using fine-grained transactional enrollment
records, that students who postpone course add
and drop decisions are more likely to
encounter schedule instability and course
selection difficulties that subsequently lead to
late course withdrawals. Previous research has
also suggested that repeated delays in
enrollment decision-making may contribute to
a cycle of ineffective academic planning and
reduced self-efficacy, thereby increasing the
likelihood of unfavorable academic outcomes
[24]. Furthermore, the consistency of the EP
indicator across the three analytical levels
supports the interpretation of timing-based
digital trails as behavioral proxies for latent
characteristics, including diligence and self-
regulation, which have previously been
associated with academic achievement and
successful course completion by Siefken [23]
and You [25]. Collectively, these findings
provide further evidence that transactional
enrollment  behavior  contains  valuable
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predictive information that can support
institutional Early Warning Systems by
enabling earlier identification of students who
may require academic intervention.

4.2. Synthesis for Early Warning Application

The significant relationships identified across
the micro, meso, and macro analytical levels
demonstrate the potential of administrative
transactional enrollment records as a valuable
source of information for RSU EWS. By
utilizing timing-based behavioral indicators,
particularly LE, institutions can identify
students who exhibit delayed enrollment
behaviors during the initial weeks of the
semester and implement timely monitoring
strategies. Such a process-oriented approach
enables academic advisors to detect early
patterns of enrollment behavior and provide
appropriate interventions, including academic
advising, workload planning support, and
personalized reminders, before students are
more likely to experience late course
withdrawal.

The practical contribution of this research
lies in transforming routinely collected
administrative  records into  actionable
information that can assist universities in
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addressing student attrition, credit loss, and the
associated financial consequences [4, 12].
Evaluating these timing-based behavioral
indicators within the RSU context also
addresses the context-dependent nature of LA

by examining whether predictive
methodologies developed in other educational
settings  remain  applicable under the

university's administrative policies and student
enrollment practices [11, 13]. Furthermore, as
these behavioral indicators are generated
during the registration period, they enable
institutions to identify students who may
require additional academic support before
conventional performance indicators, such as
assessment results or course grades, become
available [12, 23].

Integrating these behavioral indicators into
an automated Early Warning System provides
a practical framework for supporting evidence-
based academic decision-making [6, 9]. Early
identification of students who exhibit high-risk
enrollment behaviors enables universities to
implement timely interventions that may
reduce the likelihood of late course withdrawal
while improving student persistence and
academic success. Consequently, the findings
of this study provide empirical support for
incorporating transactional enrollment
behavior into institutional Early Warning
Systems as an additional source of predictive
information available at the beginning of the
academic semester [6, 26].

While this study provides robust evidence
for the predictive power of timing-based
enrollment behaviors, several limitations must
be acknowledged. First, the data utilized in this
research are derived from a single institution
(Ar-Rasheed Smart University), which may
limit the direct applicability of the results to
institutions ~ with  significantly  different
administrative structures or cultural contexts.
Second, the analysis focused exclusively on
five undergraduate programs within the FET.
Consequently, the behavioral signatures
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identified here may reflect the unique
workload demands of engineering, computing,
and applied design disciplines, and might not
be fully generalizable to the humanities or pure
social sciences. Third, this study considered a
limited set of behavioral predictors (LE, APR,
and EP). Future research should incorporate
additional  variables, such as student
interactions within LMS or socio-economic
indicators, to provide a more holistic view of
student risk. Fourth, at the micro and meso
levels, the models treat repeated observations
from the same student as independent
behavior, which does not account for the
individual-level variance typically captured by
mixed-effects modeling. Finally, the current
model does not account for differences in
course difficulty or curriculum structure across
programs. Future iterations of this Early
Warning System would benefit from weighting
behaviors against program-specific academic
rigors to further enhance classification
accuracy.

5. Conclusion

This study employed a LA approach to
evaluate the effectiveness of timing-based
enrollment behaviors as early predictors of
academic attrition, with particular emphasis on
LDs at RSU. Using fine-grained transactional
enrollment records extracted from the
university's administrative systems, three
behavioral indicators - LE, APR, and EP -
were examined across the micro, meso, and
macro  analytical levels. The results
demonstrate that both LE and EP are positively
associated with LD behavior, whereas APR
exhibits a significant negative association,
indicating that students with more consistent
enrollment planning practices are less likely to
withdraw from courses after the official drop
period. The findings also suggest that timing-
based enrollment behaviors capture aspects of
students' self-regulatory practices that are not
directly observable through conventional
academic records. In particular, the stronger
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predictive relationships observed at the macro
level indicate that long-term enrollment
behavior provides a more stable representation
of students' academic planning than semester-
specific enrollment activities. These results
further demonstrate the value of longitudinal
transactional  enrollment records as a
complementary  source  of  behavioral
information for identifying students who may

be at risk of academic attrition. From a
practical perspective, this research
demonstrates  that  routinely  collected

administrative enrollment records can support
the development of institutional Early Warning
Systems by enabling the identification of at-
risk students during the registration period,
before traditional academic performance
indicators become available. Such an approach
allows universities to implement timely
academic support and advising interventions at
the beginning of the semester, thereby
contributing to improved student retention and
greater effectiveness in using institutional
support resources.
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1. Introduction

Drones play a vital role in numerous fields,
including monitoring, surveillance,
environmental tracking, agricultural applications,
and autonomous transportation, etc. [1]. Despite
the variety of available drones, quadcopters are
the most widespread owing to their many
advantages, such as the ability to take off and
land vertically, simple design, and high flight and
maneuvering performance [2].

All these features and performance
characteristics depend largely on the selection
of appropriate control systems. Operating in
highly dynamic environments, and being
subject to disturbances caused by wind, load
variations, and modeling uncertainties, such
systems require robust control strategies to
achieve stable flight.

Traditional proportional-integrator-
derivative (PID) controllers are the most
commonly used control methods in industrial
applications for their simplicity and ease of
implementation [3]. However, their
performance may decrease when nonlinear
effects and uncertainties become significant
[4]. To improve robustness and adaptability,
intelligent control techniques such as fuzzy
logic controllers have been proposed.

This  research article presents a
comparison between the performance of PID
controller and fuzzy logic controllers (FLC),
which are the most common controllers in
various control systems. It utilizes the features
of each type to improve the performance of a
quadcopter’s altitude control system, taking
into account the actual dynamics of DC
motors, to generate thrust for each propeller.
The objectives of this study are as follows [5]:

1. To develop a complete mathematical model
of a DC motor-propeller-drone system.

2. To design a PID controller that meets the
specified performance requirements.

3. To develop a FLC based on system expert
knowledge.
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4. To compare the two controllers through
simulation.

5. To evaluate their effectiveness for drone
altitude control.

2. Literature Review
2.1. PID-Controlled Drones

Several studies have demonstrated the
effectiveness of PID controllers for stabilizing
and controlling the altitude of quadcopters.
Bouhabza and Kara [6] developed a control
system based on a PID controller for
quadcopter attitude and altitude, which
provided satisfactory performance under
regular operating conditions. Their work
confirmed stable control of roll, pitch, yaw,
and altitude, while maintaining a relatively
simple controller structure.

Similarly, Castillo et al. [7] used PID
controllers for self-directed drone navigation
and reported reliable altitude tracking in hover
and at low speeds.

Despite its widespread adoption, PID
control has some limitations. Controller
performance is highly dependent on the tuning
of proportional, integral, and derivative
constants. Inappropriate tuning may cause
excessive overshoot, slow response, or even
instability [8, 9]. Moreover, the nonlinear
aerodynamic characteristics of quadcopters,
combined with variations in environmental
conditions and load, can significantly affect
controller performance [10, 11]. In practice, a
set of PID gains that perform well under
specific operating conditions, may not offer the
same level of performance under others.
Hence, achieving optimal and consistent
control remains a challenge, especially in
dynamic and uncertain environments.

2.2. FLC-Based Drone Control Systems

To overcome the limitations of PID
controllers, researchers have increasingly
turned to intelligent control techniques, among
which fuzzy logic controller has appeared as a
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promising type. Unlike traditional controllers
that rely heavily on mathematical models,
fuzzy logic controllers rely on linguistic rules
and expertise. This characteristic allows them
to more effectively manage nonlinearities and
uncertainties without requiring a precise
representation of the system's dynamics.

One of the initial motivations for applying
FLC to drone systems was the observation that
experienced human operators are often able to

stabilize and maneuver drones using
qualitative reasoning rather than precise
mathematical calculations. FLC aims to

replicate this reasoning process by translating
expertise into a set of IF-THEN control rules
[12].

Several studies have demonstrated the
effectiveness of FLC in drone applications.
Coza and Macnab [13] proposed a FLC for
quadcopter attitude stabilization, and found
increased robustness compared to PID
controllers. Their results showed smoother
responses, and reduced oscillations during
aggressive  flight maneuvers.  Similarly,
Amrouche et al. [14] used a Mamdani-type
FLC for altitude control and observed
improved disturbance rejection performance
when the drone was subjected to wind
disturbances.

An important advantage of FLC lies in its
ability to represent system behavior, using
linguistic variables such as Negative Big (NB),
Little Negative (LS), Zero (ZE), Little
Positive, and Big Positive. By using these
linguistic descriptions rather than exact
numerical models, FLC can adjust more
naturally to nonlinear operating conditions and
parameter variations [12].

However, FLC presents several design
challenges. The selection of membership
functions, scaling factors, and rule bases often
relies on engineering experience and iterative
tuning. As the number of controller inputs and
outputs increases, the rule base can grow
rapidly, leading to increased computational
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complexity.  Furthermore, because the
performance of FLC controllers is highly
dependent on the quality of their rule set,
developing effective FLC controllers may
require considerable effort and specialized
expertise.

In general, previous studies indicate that
FLC offer greater robustness and smoother
response than conventional PID controllers,
particularly in nonlinear and uncertain
systems.

2.3. Research Gaps and Motivation

Studies demonstrate that PID controllers
remain the dominant solution for drone
applications, given their simplicity and low
computational requirements [15]. On the other
hand, fuzzy logic controllers offer enhanced
robustness and better disturbance rejection
capabilities in nonlinear environments [16].
While advanced intelligent controllers, such as
FLC and reinforcement learning, have shown
promising results, their implementation
complexities often limit their adoption in low-
cost drone platforms [17, 18].

Therefore, a comprehensive comparison
between conventional PID control and FLC is
essential, especially for quadcopter drone
altitude control systems that incorporate
realistic motor dynamics, thrust generation
mechanisms, and vertical motion dynamics.
While most recent studies focus on either
simplified altitude models or attitude control
systems, research addressing the entire motor-
propeller-altitude control chain is relatively
scarce.

This study, therefore, develops a complete
altitude model for a quadcopter powered by a
DC motor and performs a detailed comparative
evaluation of PID and FLC under the same
operating conditions. The aim is to identify the
advantages and limitations of each type in
terms of transient response, steady-state
accuracy, robustness, and disturbance rejection
performance.
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3. System Modeling
3.1. DC Motor Dynamics

A quadcopter's propulsion system uses electric
motors to convert electrical energy into
mechanical rotational motion, which produces
propeller thrust. Therefore, an accurate
mathematical model of the DC motor is crucial
for the design and evaluation of control
strategies. In this study, motor dynamics are
represented by interconnected electrical and
mechanical subsystems [19].

1) Electrical Subsystem

Kirchhoff’s voltage law describes the electrical
behavior of armature circuit. The voltage
applied to the armature is distributed between
the armature resistance and inductance and the
back electromotive force (EMF) generated by
the motor's rotation. The equation governing
the operation of the motor is expressed as
follows [20]:

V() = Li(®) + Ri(t) + Kpw(t) (1)

where:

V(t) is the armature voltage (V),
i(t) is the armature current (A),

R is the armature resistance (Q),
L is the armature inductance (H),

K,, is the back electromotive constant (V-s/rad),
w(t) is the angular velocity (rad/s).

The first term on the right side represents
the voltage drop across the armature
inductance, the second term represents the
resistive voltage drop, and the third term
represents the back electromotive force
induced by the motor rotation.

Applying the Laplace transform to equation (1)
with zero initial conditions, we obtain:

V(s) = (Ls + R)I(s) + K,2(s) (2)

where I(s) and Q(s) represent the Laplace
transforms of the armature current and angular
velocity, respectively.
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2) Mechanical Subsystem

The mechanical dynamics of the motor are
governed by Newton's second law for rotating
systems. The generated electromagnetic torque
accelerates the rotor by compensating for
friction losses. The equation governing this
event is [20]:

J (%w(t)) + Bl =K.i) )

where:
J is the moment of inertia of the rotor (kg-m2),
B is the viscous friction coefficient (N-m-s/rad),
K, is the torque constant of the motor (N-m/A).

The first term represents the inertia torque
required for the acceleration of the rotor, while
the second term models mechanical friction.
The right side corresponds to the
electromagnetic torque produced by the motor.
The Laplace transform of (3) gives:

(J.s + B).Q(s) = K..I(s) 4

Solving this equation for the armature current,
we get:

(Js+B). 2(s)
Kt

I(s) = ®)

3) Motor Transfer Function

By substituting (5) into (2), we eliminate the
armature current and obtain:

V(s) = [7“'5 +R)I;t(f'5 *B) Kb] @) (6)

Multiplying both sides by K;, we obtain:

K.V(s)= [(L.s + R).(J.s + B) +

K.Kp]. 2(s) )

Therefore, the transfer function relating
the angular velocity of the motor to the applied
voltage is:

a6) _ ke

V()  (Ls+R)J.s+B)+(KeKp)

Gmotor(s) =

®)

Equation (8) represents a second-order
electromechanical system that describes the
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electrical and mechanical dynamics of the
motor.

4) Numerical Model of the Motor

The motor parameters used in this study are
listed in Table 1.

Substituting these values into (8), we obtain:

0.01

By expanding the denominator, we obtain:

0.01
107252+ 1.01x107%s + 1.1x107*

Gmotor(s) = (10)

Equation (10) represents the final transfer
function of the DC motor, which will be used
in the controller design and simulations
presented in this paper. This transfer function
forms the first block of the quadcopter's

Gmotor (S) = (oo oD o5 1 105 oooor] D) complete altitude control model, where the
motor speed is then converted into propeller
thrust and vertical motion.

Table 1. DC motor parameters

No. Parameter Description Value
1 Ji Rotor inertia 107> kg.m?
2 B Viscous friction coefficient 10~* N.m.s/rad
3 K, Torgue constant 0.01 N.m/A
4 K, Back emf constant 0.01 V.s/rad
5 R Armature resistance 01Q
6 L Armature inductance 107*H

3.2. Propeller Thrust Model

The thrust force produced by a propeller is
proportional to the square of its angular
velocity [21]:

T = Krw?
where:
T is the thrust force,
K is the thrust coefficient.

(11)

This model is not linear. For controller
design, a linearization is performed around
hover speed point w = w, + Aw, and using
Taylor expansion, T =~ Ty + 2Kf. wo.4w;
where Ty = Krw§.

By neglecting the constant hovering
component, we obtain: AT = K;Aw, where
Kr = 2Kr.wo is the equivalent linearized
thrust gain.
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3.3. Hover Condition

The mass of a four-propeller drone is
assumed to equal [22], m = 4 kg, then the
total hover thrust is given by Tjpper = m. g.
By substituting g = 9.81m/s?, the total
hover thrust is evaluated as Tj,yper = 39.24 N

Then the drone force by four motors will
22— 981N.

equal Tmotor

Assuming the hovering speed wo = 500

rad/s, the thrust coefficient becomes Ky =

9.81
5002

gain is defined as follows [9].

= 3.924 x 10~ and the linearized thrust

Kr = 2K;wo = 0.03924
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3.4. Altitude Dynamics

The vertical axis of the drone’s motion
follows Newton's second law mZ =T —
m. g. By linearizing around the altitude [23],
mZ = AT, and applying the Laplace
transform, the transfer function is as follows:

Z(s) _ 1
AT(s)  ms2 '

Galtitude(s) = form =4

1
kg, then Gaititude (S) = 252
3.4. Complete Drone Model

By combining all blocks, the total drone
model becomes Gprone(S) = Gmotor(S) X
Q

Kr X Galtitude(s) where: Gmotor(s) = %:

AT(s) _Z(S)
"= e Gattituae (S) = 3705

Therefore, the complete transfer function will
be:

and

Z(s)
V(s)
0.01
T 10952 + 1.01x 10-6s5 + 1.1 x 10-*

1
X 0.03924 X —
4 s2

B 9.81 x 1075
"~ 52(107%s2 4+ 1.01 x 107¢s + 1.1 x 10~%)

Gprone (S) =

4. Designing of PID Controller

PID controllers are one of the most widely
used feedback control strategies in numerous
engineering applications and systems. They
are used in a wide range of applications, from
simple control systems to very complex ones,

in automobiles and industrial process
automation.
The PID controller  continuously

estimates an error according to the equation
[24]:

e(t)
Where:

r(t) = setpoint value (reference input).

r(t) — y(@®

y(t) = actual output.
e(t) = control error
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4.1. PID Controller Structure

The PID controller then gives the control
signal u(t), which is represented by the
equation:

t

d
u(t) = Ky.et) + K; f e(t) dt + Ky T e(t)
0
E(s)

U(s) = Kp-E(S) + Ki.T + K4.5.E(s)
Where:

K, = proportional gain.

K;= integral gain.

K, = derivative gain.

4.2. Design Objectives

The altitude control loop is designed to
achieve:

» Risetime <0.3s;
= Qvershoot < 13%;
=  Steady-state error = 0.

These system specifications are
realistic for 4 kg drone altitude controller.

4.3. PID Controller Tuning

MATLAB PID Tuner is employed to
regulate and select optimal PID gains. The
final tuned gains values are [12, 13]:

K, = 161.4 [V/(rad/s)],

K;=50 [V. s/rad];

K, =21.52 [V. s/rad].
The PID controller transfer function is:

(Kq.5* + K,.s + K;)

Cpip =

S
_ (21.525% + 161.4s + 50)
S

The open loop PID transfer function is:

OLpip = Cpip * Gprone
_ (21.52s2 + 161.4s + 50)

s
9.81x 107°

X
s2(109sZ + 1.01 x 10765 + 1.1 x 10-4)
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The closed loop PID transfer function is:

A OLpp 0.00211 s2 + 0.01583s + 0.004905
PID ™1 4 OLp;p 10795+ 1.01 x 106s5% 4+ 1.1 x 10~4s3 + 0.00211 s2 + 0.01583s + 0.004905
5. Design of FLC Controller 5.3. Membership Functions
5.1. FLC Controller Structure In this paper, seven linguistic variables are

employed:

The fuzzy logic controller contains [25, 26]:

= Fuzzification

= Rule Base

= Inference Engine
= Defuzzification

= NB (Negative Big)

= NM (Negative Medium)
= NS (Negative Small)

= ZE (Zero)

= PS (Positive Small)

5.2. FLC Inputs and Output = PM (Positive Medium)

= Inputs:

o

= PB (Positive Big)

Input and output variables are linked to a
standard discourse domain, ranging within the

et) = r®) — y®)

o Ae(t) =%e(t) intervals [-1, 1], using the following

measurement factors, as shown in Table 2.

= OQutputis u(t).

Table 2. Normalization parameters for FLC variables (error, delta error, and output)

Variable Symbol Physics range Scaling factor Normalized range
Error e [-10,+10] m G e=0.1 [-1, +1]
Delta error Ae [-50, +50] m/s G_de =0.02 [-1, +1]
Output U [-5, +5] G u=5.0 [-1, +1]

Triangular membership functions are selected for all inputs and output, as shown in Figure 1 from
the MATLAB simulation:

° °
o 3 -

Membership degree

o
»

0.2

NB

Input 1 -- Error (E) Input 2 -- Delta Error (DE) Output -- Control (U)

N
T
N

NM zE Ps PB NB NM zZE Ps PBE NE NM zZE Ps PB

o
® o
T

o
3

o
o
T
o
o

Membership degree
Membership degree

o
IS
[}
IS

o
N
o
N

-1

-2/3 -1/3 © 13 2/3 1 1 -2/3 -1/3 0 13 2/3 1 -1 -2/3 -1/3 0 13 2/3 1
Normalised error e Normalised delta-e de | Normalised control u

Figure 1. Fuzzy logic controller membership functions (inputs/output).
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5.4. Base Rules

A 49-rule (7 x7) matrix is developed, as
shown in Table 3, where:

= Row=E index (1=NB ... 7=PB);

* Col =DE index (1=NB ... 7=PB);

= Cell = Output MF index (1=NB ...
7=PB).

The Mamdani inference mechanism and
centroid defuzzification method are applied.

Table 3. Rule table (rows=Error MF, cols=Delta
Error MF, cell=Output MF)

DE
E

NB
NM
NS
ZE
PS
PM
PB

NB NM NS ZE PS PM PB

A A W N P P R
g ogaor W N R e
o g b~ W N R
o o a ~A BN W N
N N o A O~ W
N N N o oo U b
N N N o o g N

6. Simulation for Results and Discussion
6.1. Time Response

The step response is obtained for both
controllers (PID & FLC), and the performance
metrics as shown in Table 4 include Rise
Time, Overshoot and Steady-State Error [27,
28]:

Table 4. Performance comparison table: PID vs

FLC

. PID FLC
No. Metric controller ~ Controller
1 Rise Time [sec] 0.96 1.53
2 Overshoot [%] 23.348 12.812
3 Steady-State [rad/s] 1.00001 0.9842
4 ISE [x10°] 595561  754.397
5 ITAE [x109] 2410 13.625

The step speed response of both
controllers, as well as rise transient, control
effort and disturbance rejection from
MATLAB simulation are shown in Figure 2
(a—d):

0 5 10 15 20 25 30
Time [sec]

(a) Step speed response -- Full view

0 1 2 3 - 5 6
Time [sec]

(b) Zoom: rise transient (O - 6 sec)

~ A
-

0 5 10 15 20 25 30
Time [sec]

(c) Control effort u(t)

o
K

peed [rad/s]

PID + disturbance | |
— = -FLC + disturbance

S
=)
IS

! datail
02 data2

0 5 10 15 20 25 30
Time [sec]

(d) Disturbance rejection (d injected at plant input)

Figure 2. Time response: PID vs. FLC.
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6.2. Error Analysis

The tracking error is computed as e(t) =

characteristics of both controllers (PID &
FLC) are analyzed. Figure 3 shows the results
[29-31]:

r(t) — y(t), and the convergence
: 1
TTRe {08t
— - data| | — s}
E ?ju 04f
5 g 02t
w — == —aa- w 0
2t -=-=1 02
o 5 10 15 20 2 30 o 1 2 3 4 5 6
Time [sec] Time [sec]

(a) Tracking error e(t) -- Step response

PID ISE=0.000596
= = FLC ISE=0.000754

1000

800

600

400 -

e? [x10° rad¥s?)

200

15
Time [sec]
(c) Squared error e(t) (ISE integrand)

10 20 25 30

Error [rad/s]

(b) Tracking error -- Zoom 0 - 6 sec

PID + dist
|= = +FLC +dist.| |
------ datal
| data2 1

10 20 30
Time [sec]

(d) Error response under disturbance

Figure 3. Error analysis: PID vs. FLC.

7. Conclusion

The paper presented a complete integration of
motor dynamics and height control through a
comprehensive comparative analysis under
identical conditions. It demonstrated that,
while a PID controller provides fast response
and simple implementation, its performance
might degrade under significant parameter
changes and nonlinear operating conditions. In
contrast, a FLC controller exhibits smoother
responses and better robustness against
distortions and model uncertainties. However,
these results are limited because the study is
based on simulations, as well as assumptions
regarding the linearity of the drive model and
idealized motor parameters.  Therefore,
recommendations for future work could
include a hybrid architecture of (PID) and
(FLC) controllers, optimization of FLC

57

parameters using a genetic algorithm, and
advanced perturbation modeling.

Data Availability

The data are available from the corresponding
author upon request.
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Abstract u“*m

The 2030 Agenda for Sustainable Development outlines Cuaj Ay LLL{!J;» Gaa e A 2030 Leluzll Zodl dhs i
seventeen interconnected goals, with the housing sector being A . .

one of the most directly and indirectly linked to their ONYL3 3la 58 2la s s Loty Ll Sleladl] ST g OIS
achievement. However, traditional governance models based o 5008 5 § Lollally doo 31 ST fo Laslel i S o1 305
on hierarchical and sectoral structures are no longer capable of . .

effectively managing institutional complexities and the S e Gl Sl s S5l Sl we Blelly Joladl

vertical and horizontal coordination required to implement
these goals. This necessitates the development of more )
integrated and flexible governance frameworks, particularly in o5 sl Jl Al O M5 & Wl d sl Gl Y g 55 Pty

Arab countries. Therefore, this study aimed to develop a meta- L R . . e s
e e s LS g [ AT ,aA-'! 5] gold | gl
governance model adaptable to Arab institutional specificities 45 5258 gl ol e c* SN S

ST aas e bl e edney W cislinadl daxdl C3lual Jiesd 2o 30U

to enhance the implementation of housing-related Sustainable Lomgre do ulylll dazely OKLYL a1l Lozl L) Solaal
Development Goals (SDGs). The study employed a multi- . _— .

stage methodology: the first stage used a descriptive-analytical ol o sl el pladnd oW A W e 3] ¢ J ) Bone
approach to review and analyze SDG goals and indicators, and DB 50 oy Ly Bzl el o S5 sl daml L
to assess the capacity of the current institutional framework to .

support their implementation. The second stage involved Syl J coaam WA= U LT adas o3 de JH gg“‘)”
content analysis of national reports and previous studies to el Sl sl wad s TBll olubally Gl Ul dxel L
identify the roles of various actors and their engagement

mechanisms. The third stage relied on a comparative analysis ol UL el e ool 21 A U Ll ST 5] LT

of selected international experiences to draw lessons learned, . . . s

t ’ > '!WJ"\ o as caslandl UL NS N
followed by a model design methodology to develop the ks e oI oo * =2
proposed meta-governance model. The findings revealed Flle bl AR A5 LS A 5 5as sl (Model Design)
institutional fragmentation, weak sectoral coordination and . R N PR
integration, centralized decision-making, overlapping e G5 U Jolsly Gl G Lined o 5o L5 a0
jurisdictions, and a limited role for scientific research and Ao glly ekl Gl 5as Dapasy (olola=Y) Sslas s LAl
awareness-raising. The study concluded by proposing )
institutional updates and recommendations based on meta-
governance to bolster the implementation of SDGs within the O gl § dals ) ol Colaal s 5505 & 43,41
housing sector. ) )

LS ) 45 Do 5y B30 S 11 ] Al el s

Keywords: Sustainable Development Goals, institutional O g3l Al il fd) Shtal sdbll) sl
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