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ABSTRACT

This paper provides a comprehensive and rigorous exposition of Fractional Quantum Calculus (FQQ),
a sophisticated mathematical framework that systematically extends classical integer-order quantum calculus to the realm
of arbitrary fractional orders. We delineate the construction of five interconnected yet distinct types of fractional difference
operators: the foundational Fractional Difference Calculus (FDC), Fractional g-Difference Calculus (FqDC), and Fractional
Hahn Difference Calculus (FHDC), complemented by the advanced generalizations Fractional Symmetric Hahn Difference
Calculus (FSHC) and Fractional (p, q)-Calculus (FpgC). The unifying principle undergirding all five frameworks involves the
non-integer generalization of iterated summation, leading to the derivation of both Riemann-Liouville and Caputo operators.
Fractional quantum calculus furnishes an indispensable analytical instrument for modeling intricate physical and biological
phenomena characterized by inherent non-locality, memory-dependent behavior, and discrete dynamical evolution,

capabilities that transcend the limitations of conventional integer-order mathematical models.

KEYWORDS: Fractional quantum calculus, Fractional difference calculus, Fractional g-difference calculus, Fractional Hahn

difference calculus, Symmetric Hahn difference, (p, q)-calculus, Non-local phenomena, Memory effects, Discrete systems
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1. INTRODUCTION: UNIFYING THE DISCRETE,
THE QUANTUM, AND THE FRACTIONAL

The mathematical landscape of Fractional
Calculus (FC) traces its intellectual lineage to the
foundational philosophical inquiries of Leibniz and
de UHopital in the waning years of the seventeenth
century (Miller & Ross, 1989, Gray & Zhang, 1988).
What began as an abstract theoretical speculation
has matured into a robust and indispensable
analytical tool for elucidating the behavior of
complex systems across diverse scientific domains,
including viscoelasticity, anomalous diffusion
phenomena, and chaotic dynamics (Anastassiou,
2009, Ferreira & Torres, 2011). The distinctive merit
of fractional calculus lies in its inherent capacity to
encapsulate the temporal history and memory
characteristics of dynamical systems, a feature
conspicuously absent from the classical integer-
order derivative formalism (L'Hopital, 1695, Leibniz,
1695).

In parallel, the necessity to model phenomena
occurring on discrete temporal scales or non-
uniformly distributed grids catalyzed the
emergence of Quantum Calculus, a calculus
architecture constructed independently of the
limiting process (Al-Salam, 1966, Agarwal, 1969).
This framework encompasses several fundamental
quantum operators: the h-difference operator
(operative on uniformly spaced time scales), the g-
difference operator or Jackson derivative (operative
on geometric time scales), and the Hahn difference
operator (synthesizing both uniform and geometric
scaling).

The transformative synthesis emerges from the
convergence of these two mathematical paradigms:
Fractional Quantum Calculus. This novel
theoretical structure furnishes a unified analytical
vocabulary for investigating systems exhibiting both

discrete-time characteristics and non-local

(memory-dependent) phenomena. This exposition
systematically examines the mathematical
construction and practical utility of five major
classes of fractional quantum calculi, tracing the
field's trajectory from its foundational principles to

its contemporary, highly generalized instantiations.

2. THE THEORETICAL FOUNDATION: CORE
PRINCIPLES OF FRACTIONAL QUANTUM
CALCULUS

The rigorous construction of fractional operators
within the quantum calculus paradigm rests
fundamentally upon two indispensable
mathematical constructs: the Gamma Function
I'(!) and the generalized Falling Factorial
Function.

2.1. The Generalization Principle

The transition from integer order m to fractional
order a is universally effected through the
generalization of the formula for the m-fold
iterated sum (or integral) using the Gamma
function. Within a discrete system, the fractional
sum of order a is defined as the foundational
operator, with the fractional difference serving as
its inverse operator.

2.2. The Two Principal Operators

All fractional quantum operators adhere to two
canonical formulations, which determine how the
temporal history of the function is incorporated

into the operator:

® Riemann-Liouville (R-L) Fractional
Difference: This operator is defined as an
integer-order difference applied to a
fractional-order sum. It is predominantly
employed in theoretical investigations and
exhibits dependence on the initial

summation point.
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® Caputo Fractional Difference: Defined as a
fractional-order sum of an integer-order
difference, the Caputo formulation possesses
a marked advantage in applied mathematical
modeling: it admits initial conditions
structurally analogous to those employed in
classical integer-order calculus (namely, the
specification of the function and its integer-
order derivatives at an initial time), thereby
facilitating application to boundary value

problems and initial value problems.

3. THE FOUNDATIONAL TRIUMVIRATE:
PRIMARY FRACTIONAL DIFFERENCE
OPERATORS

The early development phase of fractional quantum
calculus centered upon the fractional generalizations
of three primary quantum operators.

3.1. Fractional Difference Calculus (FDC)

This constitutes the cornerstone of discrete
fractional analysis, constructed upon the
h-difference operator defined as
Apf(t) = w (with h = 1 for the classical
discrete difference). Figure 1 shows the shift in

f(t)-value and the shift in t-value of Fractional

Difference Calculus.

f(t+h)
1)

h \f(t+h)-f(t)

L
~

t t+h t+2h

Figure 1 Displays the shift in f(t)-value and the shift in t-value
of Fractional Difference Calculus (as shown in (Sitthiwirattham,
2020)).

Construction: The theoretical edifice rests upon

the discrete Gamma function and the associated h-

falling factorial, denoted t®".

Applications: This framework proves indispensable
for modeling phenomena evolving on uniform
temporal grids where memory effects play a
significant role, exemplified in financial
mathematics, discrete-time control systems, and
difference equations arising from the calculus of
variations (Ferreira, 2011).

3.2. Fractional q-Difference Calculus (FgDC)
This calculus is constructed upon the Jackson g-
difference operator, which operates on a
geometric time scale characterized by the
progression (t, qt, q°t, ...). Figure 2 demonstrates
the shift in f(t)-value and the shift in t-value of g-

Difference Calculus.

A ”
Rat)] o
A)-fat) |
.ﬂﬂ N
(L-q)p
T .............. Pt
0 - qt ¢ 7T qT r 4

Figure 2 Displays the shift in f(t)-value and the shift in t-value of
Fractional g-Difference Calculus (as shown in (Sitthiwirattham,

2020)).

Construction: The theoretical framework employs
the g-analogue of the Gamma function and the
fractionalg-Falling Factorial. The foundational
fractional g-Integral (Kac & Cheung, 2002, Ernst,
2012) constitutes the precursor to both the R-L

and Caputo g-difference operators.

Applications: This formalism possesses
considerable relevance in theoretical physics,
particularly in quantum field theory and molecular
physics, and is applicable to any system exhibiting
geometric progression or inherent scaling
symmetry. Furthermore, it proves instrumental in
solving advanced boundary value problems for
fractional g-differential equations (Cermak &

Nechvatal, 2010).
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3.3. Fractional Hahn Difference Calculus (FHDC)
The Hahn operator D, ,, represents a synthesis of
the h-difference and g-difference operators,
thereby creating a more versatile affine time
scale. The shift in f(t)-value and the shift in t-
value of Fractional Hahn Difference Calculus is

shown in Figure 3.

A
(atwgtw))
R )
A t) A gt+ew) (I—q]jtfo:;""-.‘
(gT+wRaT+w))

, (T.AT)
e;];t rﬂf | -
EERAPED it r

Figure 3 Displays the shift in f(t)-value and the shift in t-value of
Fractional Hahn Difference Calculus (as shown in

(Sitthiwirattham, 2020)).

Construction: Introduced by Brikshavana and
Sitthiwirattham in 2017 (Brikshavana &
Sitthiwirattham, 2017), this calculus develops its
integral and differential operators (Riemann-
Liouville and Caputo forms) utilizing the g-Gamma
function and the fractional (q, w)-falling factorial.

Applications: The fractional Hahn difference
calculus serves as a unifying theoretical platform,
offering a systematic approach to generalize results
from both FDC and FgDC It has proven instrumental
in the investigation of complex nonlocal boundary
value problems incorporating fractional Hahn integral
boundary conditions (Brikshavana & Sitthiwirattham,

2018).

4. THE ADVANCING FRONTIER: ADVANCED
GENERALIZATIONS AND CONTEMPORARY
EXTENSIONS

Recent scholarly developments have substantially
enlarged the scope of fractional quantum calculus
by introducing progressively more general or

specialized difference operators, thereby

significantly amplifying the field's analytical
capabilities.

4.1. Fractional Symmetric Hahn Difference
Calculus (FSHC)

The Symmetric Hahn Difference Operator,
denoted Eq_m, represents a sophisticated extension
of the classical Hahn operator, engineered to
simplify analytical procedures through the
manifestation of distinct symmetrical properties.
Construction: Developed by Patanarapeelert and
Sitthiwirattham in 2019 (Patanarapeelert &
Sitthiwirattham, 2019), this calculus formulates the
fractional symmetric Hahn integral alongside the
corresponding Riemann-Liouville and Caputo

symmetric difference operators.

Applications: This theoretical framework proves
essential for addressing highly intricate nonlocal
boundary value problems of symmetric character,
specifically those involving sequential Caputo
fractional Hahn integrodifference equations and
nonlocal Robin-type boundary conditions
(Patanarapeelert & Sitthiwirattham, 2018,
Soontharanon & Sitthiwirattham, 2022). The
symmetric character of the operator substantially
simplifies the analytical techniques employed for

establishing existence and uniqueness results.

4.2. Fractional (p, q)-Calculus (FpgC)

The (p, q)-calculus, characterized by the parameter
constraint 0 < g <p <1, represents the most
contemporary and maximally generalized
formulation, inherently containing standard gq-

calculus as a particular limiting case (when p = 1).

Construction: Introduced by Soontharanon and
Sitthiwirattham in 2020 (Soontharanon &
Sitthiwirattham, 2020), this calculus is grounded in
the (p,q)-difference operator and defines the
fractional (p,q)-integral with corresponding
Riemann-Liouville and Caputo operators. The

theoretical development necessitates employment
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of the generalized (p, q)-Gamma and (p, q)-falling

factorial functions.

Applications: The fractional (p,q)-calculus
framework provides two-parameter flexibility,
conferring substantial advantages in both
approximation theory and operator-theoretic
investigations. Its principal applications encompass
demonstrating convergence properties for iterates
of (p, q)-Bernstein operators, and establishing a
diverse array of inequalities, for example
Opial-type integral, trapezoid and midpoint-type
inequalities. These developments yield tighter
analytical bounds for discrete systems
(Nasiruzzaman et al., 2019, Neang et al., 2021).
Furthermore, applications to elastic beam analysis
and related structural mechanics problems
underscore the practical utility of this framework in

engineering contexts (Etemad et al., 2024).

5. THE MATHEMATICAL TOOLKIT:
COMPARATIVE ANALYSIS OF FQC

The significance of fractional quantum calculus
transcends the boundaries of pure mathematics; it
furnishes a high-fidelity analytical lens for
examining discrete, memory-laden phenomena in

the natural world.

Table 1 Comparative framework of five major fractional quantum

calculus types (Sitthiwirattham, 2021)

FQC Governing Time Scale Core Analytical
Type / Parameters Advantage
FDC Uniform Discrete memory
t,t+ h,t+2h,.. on regular grids
FgbC Geometric Non-uniform evolution,
t,qt, qzt, scaling symmetry
FHDC Affine Unified FDC/FgDC
O-é(,a) (®) framework
FSHC Affine/Symmetric Symmetric BVP

analysis

5.0 — Pgw(®)
FpqgC Two-Parameter Affine

p*q

Maximal parameter

n-k¢ flexibility

where of,(t) = ¢* + w[k], and pf, () = FZ#‘

The paramount contribution of fractional quantum
calculus across these diverse applications
manifests in its capacity to accurately incorporate
the non-local kernel inherent to fractional
operators, thereby transforming frequently
inadequate integer-order models into sophisticated
analytical instruments that respect the complete
temporal history and intrinsic mathematical

structure of the system.

6. CONCLUSIONS AND FUTURE
TRAJECTORIES

The field of Fractional Quantum Calculus has
progressed beyond its nascent phase to embrace
increasingly sophisticated multi-parameter
generalizations. The foundational unifying principle,
the systematic generalization of the iterated sum
or integral has demonstrated remarkable
robustness, constituting the structural foundation
for all advanced operators, spanning from the
elementary FDC to the sophisticated FpqC.

The trajectory for future mathematical inquiry
is substantial and vital for the field's continued

maturation:

® Stability and Asymptotic Analysis: The
foundational theory pertaining to the
stability characteristics and asymptotic
behavior of solutions to generalized
fractional quantum calculus remains
incompletely developed. Rigorous
mathematical investigation in this domain
constitutes a prerequisite for dependable
application in engineering and control

systems.

® General Solution Methodologies:
Whereas existence and uniqueness
theorems proliferate extensively,
comprehensive and generally applicable
analytical techniques for solving the

diverse classes of fractional quantum
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differential equations remain severely
constrained. The development of
advanced transformation methods and
series solution techniques will prove
essential for realizing the complete

potential of these mathematical models.

® FSHC and FpgC Expansion and
Specialization: Additional exploration of
the distinctive advantages inherent to the
two-parameter in domains extending
beyond approximation theory, such as
non-local dynamical systems and
fractional integral transforms, represents a
particularly promising avenue for

investigation.

The classical inheritance of traditional calculus is
undergoing a profound transformation, being
forged into an innovative mathematical apparatus
precisely calibrated to represent the fundamental
discreteness and memory characteristics intrinsic

to contemporary scientific inquiry.
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ABSTRACT

Antibiotic contamination in water poses significant environmental and public health risks, necessitating low-cost
and sustainable treatment solutions. This study explores the development of Flamboyant-Pod-based Activated Carbon
(FPAQ), a bio-based adsorbent, for the removal of a Ternary Antibiotic Mixture (TAM). Raw Flamboyant Pods (FPs) were
pretreated, chemically activated with Potassium Hydroxide (KOH), and carbonized at 500 °C for 40 min. The structural and
surface modifications of FPAC were characterized using Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray (EDX)
analysis and Fourier Transform Infrared Spectroscopy (FTIR) analysis. Batch adsorption experiments were performed under
varying conditions of contact time (10-240 min), initial concentrations (20-100 mg/L), and temperatures (40-60 °C). Adsorption
thermodynamic parameters, including Gibb’s Free Energy (AG®), Enthalpy Change (AH®), Entropy Change (ASO), Isosteric Heat
of Adsorption (AH,), Activation Energy (E,), Sorption Probability (S*), Surface Coverage (), and Hopping Number (n), were
evaluated to determine adsorption feasibility and mechanisms. FPAC exhibited a porous structure with enhanced carbon
content and new functional groups, promoting chemical interactions with antibiotics. Adsorption proceeded rapidly within
the first 100 min, achieving maximum capacities of 9.371 mg/g (Amoxicillin, AMO), 9.310 mg/g (Tetracycline, TETRA), and 8.733
mg/g (Ampicillin, AMP). Corresponding removal efficiencies were 85.91, 91.24, and 78.67%. Thermodynamic analysis revealed
negative AG® and AH° values, confirming a spontaneous and exothermic process, while AH, and E, values indicated
predominantly physisorption-driven adsorption. The findings establish FPAC as an efficient, low-cost, and environmentally

friendly adsorbent with strong potential for the remediation of antibiotic-contaminated wastewater.
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1. INTRODUCTION

Water pollution, particularly from industrial and

pharmaceutical waste, is a major global
environmental challenge (Dufatanye et al, 2022
Gautam et al, 2024). Untreated wastewater
discharged into natural water bodies degrades
ecosystems, threatens biodiversity, and contributes
to the spread of waterborne diseases (Abdelkarim
and Djamila, 2020; Ortuzar et al., 2022). Among the
pollutants of growing concern are pharmaceutical
residues, especially antibiotics, which persist in
aquatic environments and contribute to the

development  of  antibiotic-resistant  bacteria
(Nomngongo and Chaba, 2019; Azarpira et al., 2019).
Conventional wastewater treatment methods such
as coagulation, flocculation, membrane separation,
and chemical oxidation are often costly, inefficient,
and produce toxic sludge (Renugadevi and
Krishnaveni, 2021). Adsorption, in contrast, is widely
regarded as a superior method due to its low cost,
efficiency, ease of operation, and ability to remove
diverse pollutants (Azarpira et al,, 2019). However,
the search for inexpensive, renewable, and effective
adsorbents remains critical.

Flamboyant pod (Delonix regia) is an abundant
agricultural residue that contributes to solid waste
disposal problems in tropical regions (Abulude and
Adejayan, 2017). Converting flamboyant pods waste
into activated carbon provides a sustainable strategy
for both waste management and water purification.
Previous studies have demonstrated that activation
with alkaline agents, such as KOH, enhances pore
development and surface functionality, improving
adsorption capacity (Ravichandran et al., 2018; Deyi
et al., 2023).

Tetracyclines have been widely applied not only in
human and veterinary medicine but also at sub-
levels in animal feed as

therapeutic growth

promoters due to their low cost and broad

antimicrobial activity (Fomnya et al., 2021). They are
among the most frequently detected antibiotics in
the environment, ranking second g¢lobally in
occurrence. Studies have revealed that tetracyclines
are harmful to aquatic organisms. They inhibit the
growth of various algal

species and display

embryotoxic effects in fish, highlighting their
potential to disrupt aquatic ecosystems (Roberts and
Chopra, 2021). The environmental persistence and
biological impacts of tetracyclines underscore the
urgent need for effective wastewater treatment
strategies to mitigate their release and accumulation.

The chemical structure of tetracycline is shown in

Scheme 1.

Amoxicillin is also the most commonly prescribed
antibiotic for children and for the treatment of
bacterial infections. Over 80% of orally administered
amoxicillin in humans is excreted unchanged in urine
within two hours of consumption (Barbooti and
Zahraw, 2020). Traces of the drug and its degradation
products

are frequently detected in aquatic

environments. The predominant environmental
sources of amoxicillin include the excretion of
unmetabolized antibiotics by humans and animals,
the disposal of unused or expired drugs, and
wastewater  discharges  from  pharmaceutical
manufacturing plants (Choffor-Nchinda et al., 2018).
The chemical structure of amoxicillin is shown in

Scheme 2.

Ampicillin is used to treat a variety of bacterial

infections, including ear and respiratory tract
infections, and endocarditis. In obstetrics, it is used
for the prevention of group B streptococcal
infections in newborns and for in utero therapy. It
also has applications in veterinary medicine, for
example, in the treatment of Clostridium infections
in poultry (Nafisur and Poornima, 2020). Ampicillin is
regarded as a non-biodegradable antibiotic due to its

persistence in the environment, and its removal has
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Scheme 1 Chemical structure of tetracycline (Roberts and Chopra,

2021)

Scheme 2 Chemical structure of amoxicillin (Barbooti and Zahraw,

2020)
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Scheme 3 Chemical structure of ampicillin (Nafisur and Poornima,

2020)

T

become an important focus in environmental
remediation studies. The chemical structure of

ampicillin is shown in Scheme 3.

Most adsorption studies focus on single-solute
systems, yet real wastewater typically contains
multicomponent mixtures (Wei et al., 2019; Alnajrani
and Alsager, 2020; Amrutha et al., 2023). Investigating
adsorption in multicomponent systems is therefore
essential for real-world applications. This study
develops activated carbon from flamboyant pods
and applies it for the adsorption of a terary
antibiotic mixture (tetracycline, ampicillin, and
amoxicillin) from aqueous solutions. The research
integrates thermodynamic analyses to understand
the adsorption mechanism and establish the
feasibility of FPAC as a low-cost, eco-friendly
wastewater

adsorbent  for  pharmaceutical

remediation.

2. MATERIALS AND METHODS

2.1 Equipment, Chemicals and Sample

The experimental setup included a muffle furnace,
mechanical flask shaker, digital analytical balance,
UV-Vis spectrophotometer, rotary shaker, magnetic
stirrer, pH meter, thermometer, desiccator, oven,
Fourier transform infrared spectroscopy (FTIR,
Varian 660 MidIR Dual MCT/DTGS Bundle with ATR)
and Scanning electron microscopy (SEM, Hitachi SU
3500, Tokyo, Japan).

Selected antibiotics (AMO, TETRA, and AMP) were
purchased from One Step Pharmaceutical Store,
llorin. Analytical-grade chemicals and reagents used
include potassium hydroxide, hydrochloric acid,
sodium hydroxide, potassium bromide, potassium
sulphate, barium chloride, sulphuric acid, and
phenanthroline. All were used as received without

further purification.

2.2 Sample Pre-treatment

Flamboyant pods were collected from Mandate
Estate, Ilorin, Nigeria (8.4752 °N, 4.5058 °E). The pods
were washed, rinsed with distilled water, cut into
smaller pieces, sun-dried, ground, and sieved

(425-850 Um) using a sieve shaker (Deyi et al., 2023).

2.3 Activation and Carbonization of FPAC

Potassium  hydroxide solutions of different
molarities (0.5, 0.75, and 1.0 M) were prepared by
dissolving 28, 42, and 56 g of KOH, respectively,
in 1 L of distilled water. Equal particle sizes of FP
(10 g) were then soaked in 100 mL of KOH solution
(0.5-1.0 M) at room temperature for 24 h. After
soaking, the mixture was evaporated to a paste,
cooled, thoroughly washed with distilled water, and
neutralized using 0.1 M HCl and 0.1 M NaOH until
the pH reached 6.9-7.1. The resulting material was
oven-dried at 105 °C overnight, cooled in
a desiccator, and subsequently carbonized in
a muffle furnace at 500 °C for 40 min (Ravichandran

et al,, 2018; Nomngongo and Chaba, 2019).
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2.4 Characterization of FPAC

Surface chemistry was analyzed by mixing FP
samples with potassium bromide in a 1:100 ratio.
Spectra were recorded in the 4000-400 cm™ range
at 4 cm™ resolution with 200 scans per sample
(George et al, 2014; Mashkovtsev et al, 2023).
Morphological features of FPAC were examined
using SEM after sputter-coating with a 20 nm ¢old
layer. recorded at variable

Images  were

magnifications to study pore

(Ravichandran et al., 2018; Sarwar et al., 2021).

development

2.5 Optimization of TAM Stock Solutions

The TAM mixing ratio was developed using an |-
Optimal Coordinate Exchange Design  Model
(IOCEDM) of Design Expert software. The aggregate
concentration (100 mg/L) of the AMO, TETRA and
AMP mixture was dissolved in distilled water at the
IOCEDM.

different mixing ratios suggested by

Absorbance was recorded at maximum wavelength
(Ampax) of 286.56 nm (AMO), 361.17 nm (TETRA),
and 28837 nm (AMP) with a  UV-Vis
spectrophotometer. Calibration curves of absorbance
concentration  were

against developed for

quantitative analysis (Okoye et al., 2018).

2.6 Batch Adsorption Experiments

Initial concentrations of 20-100 mg/L, contact time
from 10 to 240 min and the effect of temperaure at
40-60 °C were tested using 1.0 g of FPAC in 100 mL
TAM solution. Samples were shaken at 180 rpm at
room temperature and neutral pH. Supernatant was
centrifuged at 180 rpm for 20 min before UV-Vis
analysis (Hasan et al., 2014; Rahmanian et al., 2018;
Deyi et al, 2023). The Adsorption Capacity
(g, me/g) and Removal Efficiency (R, %) were

calculated using Equations 2.1 and 2.2.

_ V(G -C)

Y

— (C,, 'Ce)
G

(2.1)

e
R, x 100% 2.2)

where V is the solution volume (L), C,, and C, are
initial and equilibrium concentrations (mg/L), and W

is adsorbent weight (g).

2.7 Thermodynamic Parameters

The thermodynamic properties of the selected TAM
adsorption onto the FPAC developed were
investigated based on the existing adsorption
thermodynamics models. These properties often
give insight into the nature (physisorption or
chemisorption) and the impact of the temperature-
prompted energy of the adsorption process

(Sahmoune, 2018; Zeng et al., 2024).

2.7.1 Gibb’s free energy, enthalpy change and
entropy change

Gibb’s free energy, enthalpy change and entropy
change of the adsorption study were investigated
based on Equations 2.3-2.6. The values of AH° and
AS° are evaluated from the slope and intercepts of
the linear plot of InK_ against % (Batool et al., 2018;
Korkmaz and Tuna, 2025).

- (2.3)

AG® = —RTInK, (2.9)

AG® = AH —TAS (2.5)
AS AH

lnkc R - ﬁ (2.6)

2.7.2 Isosteric heat of adsorption
The Isosteric heat of adsorption constants, AHy
and K were determined from the slope and

intercept, respectively from the plot of In Ce

1
against T from Equations 2.7 and 2.8 (Patil et al,,
2024)

dInCe _ —AHy
dT =~ RT2 @7)
AHy 1
InCe=- R $+K (2.8)
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Figure 1 SEM image of the raw FP sample
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Figure 2 SEM images of the FPAC sample
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Figure 4 the EDX of the FPAC sample

2.7.3 Surface coverage versus the hopping
number

The Hopping number and the surface coverage is
expressed in Equation 2.9 while the relationship
between the B versus n is expressed in Equation

2.10 (Aniagor and Menkiti, 2020)

_ Ce
B=(1- G) (2.9)
1
N= 1 0e

(2.10)

2.7.4 Activation energy and sorption probability

The activation energy and the sorption probability,

E, and S* respectively, were evaluated from

Equations 2.11 and 2.12 based on the plot of n(1-
1
0) against T where the intercept and slope are

E
InS™ and Ea respectively (Oladimeji et al., 2025).

«  Ea
In (z-e): Ins*+-2 (2.11)
o~ Le _Ea l *
In (T) = _RT T +InS (212)

2.7.5 Eyring equations

The thermodynamic properties (AH™ and AS™)
used in the Eyring equation (Equations 2.13 and
2.14) were explicitly derived from the adsorption
kinetics data  under  equilibrium-controlled
conditions. At each temperature (313-333 K), the

apparent rate constant was evaluated from the

k 1
slope and intercept of the plot of In; versus —

(Ebelegi, et al., 2020).

k _, kg AST\ AH-
InT—(In R ) =T (2.13)
k AH™ k AS™
Ins=-21intBs+2 (2.14
T R T h R

where Kpg is the Boltzmann constant (1.3807 x 10
2 J K™ and h is the Plank constant (6.6261 x 10~
Js) and R is the universal gas constant (8.314 J mol

LK.
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Table 1 EDX results of both raw sample of FP and FPAC sample

Element Raw FP (%)  FPAC (%)
Carbon (C) 43.11 60.75
Oxygen (O) 18.26 10.04
Silicon (Si) 22.47 10.45
Aluminum (Al) 6.12 11.23
Calcium (Ca) 5.47 2.09
Magnesium (Mg) 0.82 2.36
Potassium (K) 6.38 ND

Zinc (Zn) ND 1.23
Chloride (Cl) ND 0.95

ND- Not Detected

Table 2 FTIR spectra of raw sample of FP results of analysis

Peak Trans Bond Functional
(cm™) (%) type group
3450.29 32.61 O-H Hydroxyl
2925.43 64.00 CH, Alkanes
1750.55 55.72 Cc=0 CAE
1608.50 64.38 C=C BR
1429.03 67.21 C-H AH
1360.96 61.80 Cc-O Aldehyde
1250.40 32.05 c-O Ether
1098.27 44.00 Cc-O Alcohols
1025.01 64.26 Cc-O Aldehyde
897.63 74.00 C-H Cellulose
Table 3 FTIR spectra analysis of the FPAC sample
Peak Trans Bond Functional
(cm™) (%) type group
3500.01 33.70 O-H Hydroxyl
2973.17 64.00 C-H Alkanes
1750.55 53.81 Cc=0 Carbonyl
1618.37 65.98 N-H Amine
1497.21 68.09 C-0 AH
1360.98 64.72 c-0 Aldehyde
1250.49 33.51 c-0-C Ether
1025.01 44.18 c-0 Aldehyde
900.15 65.22 C-H Alkenes
850.70 70.30 C-H Alkanes

CAE- Carbonyl, Alkenes and Ester; CA- Carbonyl and Alkenes;
AH- Aromatic Hydrocarbon, BR- Benzene ring, Trans- Transmittance.

3. RESULTS AND DISCUSSION

3.1 Development of Activated Carbon from
Flamboyant Pod

Flamboyant pod activated carbon was successfully
through  KOH

synthesized activation  and

carbonization at 500 °C. The activation process

promoted pore formation by degrading cellulose,

hemicellulose, and lignin components, thus
increasing interstitial spacing within the biomass.
The breakdown of lignocellulosic structures during
activation created a highly porous structure, which
is desirable for adsorption. KOH acts as a
dehydrating agent, enhancing carbonization and
releasing volatiles, which contributes to pore
development and surface functionality. This
explains why FPAC shows superior adsorption
performance compared to raw FP. These structural
modifications are consistent with earlier reports
(Ravichandran et al., 2018; Nomngongo and Chaba,

2019; Deyi et al., 2023).

3.2 Characterization of FPAC

SEM image (Figure 1) showed that raw FP exhibited
dense, rod-like structures, while FPAC displayed
porous and dispersed morphologies, confirming the
development of adsorption sites shown in Figure 2.
EDX analysis revealed elemental compositions
dominated by C, O, Si, Al, and Ca (Table 1). In the
FPAC sample, potassium disappeared, while Zinc
and Chlorine appeared (Figures 3 and 4). Increased
carbon content in FPAC suggests enhanced
adsorption potential. The increased porosity after
KOH activation results from the removal of volatile
components and the etching effect of KOH, which
widens and develops pores. The disappearance of
potassium confirms effective washing, while the
higher carbon percentage indicates greater
adsorptive potential. The appearance of Zn and Cl
may be due to contamination during treatment or
enhanced mineral retention in the activated
material.

FTIR spectroscopy was employed to identify the
surface functional groups present on the raw FP and
the KOH-activated FPAC and to evaluate chemical
changes induced by alkaline activation. The spectra

of raw FP and FPAC are presented in Figures 5 and
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Figure 5 FTIR spectra of the raw sample of FP
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Figure 6 FTIR spectra of the FPAC sample

6, respectively, while the corresponding peak

assignments are summarized in Tables 2 and 3.

The FTIR spectrum of raw FP exhibits several
characteristic absorption bands associated with
lisnocellulosic biomass. A broad and intense band
at 3450.29 cm ' is attributed to O-H stretching
vibrations of hydroxyl groups, arising from cellulose,
hemicellulose, lignin, and adsorbed moisture. The
peak at 2925.43 cm ' corresponds to aliphatic C-H
stretching of -CHy and -CH3 groups, typical of
polysaccharide and lignin structures.

A strong absorption band at 1750.55 cm ' is
assigned to C=0 stretching vibrations, characteristic
of carbonyl groups such as esters, aldehydes, and
carboxylic acids presents in hemicellulose and
lignin. The band observed at 160850 cm ' is
assigned to aromatic C=C stretching, confirming the
presence of aromatic rings associated with lignin.
Peaks in the range 1429.03-1360.96 cm = are
attributed to C-H bending and C-O stretching,

associated with aromatic  hydrocarbons and
aldehyde-type functional groups.

The absorption band at 1250.40 cm s assigned to
C-O stretching vibrations, typically arising from
ethers, esters, or phenolic groups. Additional peaks
at 1098.27 cm ' and 1025.01 cm ' correspond to C-
O stretching of alcohols and aldehydes, while the
band at 897.63 cm ' is associated with B—gtycosidic
linkages, confirming the presence of cellulose.
Significant changes in the FTIR spectrum were
observed after KOH activation, indicating chemical
modification of the FP surface. The broad O-H
stretching band persisted at 3500.01 cm , though

with  reduced intensity, suggesting partial
dehydration and restructuring of hydroxyl groups
during activation. The aliphatic C-H stretching band
at 297317 cm  also decreased in intensity,
reflecting degradation of aliphatic chains.

The prominent peak at 1750.55 cm ' in FPAC is
assigned to C=0 stretching, indicating the formation
or retention of carbonyl-containing surface groups
such as lactones, carboxylic acids, or esters
following KOH activation. The appearance of a new
band at 1618.37 cm ' is attributed to N-H bending
vibrations, suggesting nitrogen incorporation or
surface amine functionalities, which can enhance
adsorption via hydrogen bonding.

Bands observed at 1497.21 cm " and 1360.98 cm
correspond to C-O stretching and C-H bending,
associated with aromatic and  oxygenated
functional groups. The absorption peak at 1250.49
cm ' is assigned to C-O-C stretching vibrations,
indicative of ether or ester linkages formed during
chemical activation. Additional peaks between
1025.01 and 900.15 cm™ are associated with C-O
stretching and aromatic C-H vibrations, while the
band at 850.70 cm-! corresponds to out-of-plane

C-H bending of aromatic structures.
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Figure 10 The plot of adsorption capacity against temperature

The emergence and intensification of oxygen-

containing functional groups (-OH, -C=0, -C-O-C)

and nitrogen-containing groups after KOH activation
confirm successful surface modification of FP.
These functional groups enhance the affinity of
FPAC toward polar antibiotic molecules through
hydrogen

bonding, TU-TU interactions, and

electrostatic  attraction,  thereby  improving

adsorption  efficiency. The FTIR results are
consistent with earlier reports on chemically
activated biomass-derived carbons and support the
superior adsorption performance of FPAC (Seshadri
et al,, 2012; Ding et al., 2024).

3.3 Batch Adsorption Studies

The software generated 30 experimental runs that
serve as test runs to determine the optimal
condition to develop the FPAC that can give high
removal efficiency of the selected antibiotics from
aqueous solution. Correlation Coefficient (RZ) and
standard deviation were used to evaluate the
fitness of the model developed. The closeness of
R?to unity, the smaller the standard of deviation
and reasonable agreement between predicted R?
and adjusted R? of less than 0.2, the better the
model in predicting the response

Adsorption capacity increased rapidly during the
first 100 min, followed by equilibrium plateauing
(Figure 7). Maximum adsorption capacities at 100
mg/L were 9.371 mg/g (AMO), 9.310 mg/g (TETRA),
and 8.733 mg/g (AMP). TETRA exhibited the highest
affinity, followed by AMO and AMP consistent with
earlier reports (Sahoo et al,, 2018; Wang et al,
2023). The rapid uptake during the initial phase is
due to abundant vacant active sites on FPAC. As
equilibrium is approached, available sites become
occupied, reducing adsorption rate. Higher affinity
of TETRA suggests stronger interaction with FPAC
functional groups compared to AMO and AMP,

possibly due to its larger molecular structure and

ultiple binding sites.
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3.3.1 Effect of contact time and initial
concentration

The observed trend confirms that an increase in
initial concentration enhances the a capacity of the
FPAC. The data presented in Figures 7 and 8
demonstrate that the actual quantity of TAM
adsorbed per unit mass of FPAC increased with
increasing initial concentration. This behavior can
be attributed to the availability of active adsorption
sites on the carbon surface. The maximum removal
efficiencies were 85.91% (AMO), 91.24% (TETRA),
and 78.67% (AMP). These findings agree with Bello
et al. (2012) and Deyi et al. (2023), confirming that
FPAC offers effective adsorption even at elevated
concentrations. At higher initial concentrations, the
driving force for mass transfer increases, leading to
higher adsorption capacity. This trend reflects
competition among TAM molecules for limited

adsorption sites.

3.3.2 Effect of temperature

Adsorption decreased with temperature (Figures 9
and 10), with optimum performance at 40 °C,
confirming an exothermic adsorption process. At
hicher temperatures, increased kinetic energy
favored desorption, reducing adsorption efficiency.
The reduction in adsorption at elevated
temperatures indicates an exothermic process.
Higher thermal energy disrupts TAM-FPAC bonds,
leading to desorption. This suggests that physical
forces (e.g.,, van der Waals interactions, hydrogen
bonding) dominate the process (Marczewski et al.,
2016; Edet and Ifelebuegu, 2020).

3.4 Thermodynamics Studies

The influence of temperature on the adsorption of

selected TAM was examined within the range of 40-
60 °C under optimized conditions to evaluate the
thermodynamic characteristics of the adsorption
process. The findings revealed that the removal

efficiency of TAM decreased with increasing

temperature, particularly from 40°C to 55°C,

indicating a temperature-sensitive adsorption

process.
3.4.1 Gibbs Free Energy (AG°), Enthalpy (AH°),
and Entropy (A5°)

Negative AG°® values at all tested temperatures
confirmed spontaneity and feasibility. The negative
enthalpy changes (AH° = -31.430, -72.740, and
-36.412 kJmol = for AMO, TETRA, and AMP,
respectively) (Figure 11) confirm the exothermic
nature of adsorption. The high magnitudes of these
values indicate that the adsorption process was
predominantly  physisorption-driven,  involving
strong specific interactions between the adsorbates
and the FP-based adsorbent. Any chemisorption
contribution present (-72.740) is secondary and
occurs concurrently with physisorption. Positive AS®
(7.85, 16.25, 2.71 kJ/mol-K)

values suggested
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increased disorder at the adsorbent-solution
interface (Table 4). These results align with similar
studies (Xu et al., 2021; Lima et al., 2022). Negative
AG®  confirms  feasibility, while negative AH°
indicates adsorption is energy-releasing. The
positive Ase suggests randomness increases at the
solid-solution interface, likely due to displacement
of water molecules and redistribution of solute
species upon adsorption.

3.4.2 Isosteric Heat of Adsorption

The Isosteric Heat of Adsorption (AH, ) was

1
derived from the slope of the In Ce versus plot,

10

which displayed linearity across the tested
temperature range (Figure 12). The corresponding
R?%and AH,, values are presented in Table 5.
According to the literature (Neimark et al., 2017; Al-
Asadi et al, 2023; Patil et al. 2024), physical
adsorption is characterized by AH,. values below
40 kJ/mol, while chemical adsorption typically falls
within the range of 40-800 kJ/mol. In the present
study, the AHx values were 33.94, 51.68, and
63.76 kJ/mol  for AMO, TETRA, and AMP,
respectively, indicating a predominantly chemical
adsorption mechanism. These values also reflect a
degree of surface energetic heterogeneity of the

FP-activated carbon.

3.4.3 Surface Coverage and Hopping Number

The relationship between surface coverage and
hopping number is illustrated in Figure 13. An
increase in surface coverage corresponded with an
increase in the mobility of the TAM toward vacant
binding sites on the adsorbent surface. Variations in
surface coverage and hopping number among AMO,
TETRA, and AMP indicate that ampicillin more
readily located binding sites on the adsorbent. The
hopping number, which reflects the rate of
molecular migration to adsorption sites, was
smallest for AMP, suggesting a faster adsorption
process. These observations are consistent with

previous findings reported by Menkiti et al. (2014)
and Aniagor and Menkiti, (2020).

3.4.4 Activation Energy and Sticking Probability
Activation energy (Ea) values were calculated from
the slope of the appropriate Arrhenius plot (Figure
14) and found to be 6.9088, 9.7706, and

15.0842 kJ/mol for AMO, TETRA, and AMP,
respectively. As presented in Table 5, the sticking
probability (S*) values for all antibiotics ranged
between 0 and 1, confirming a favorable adsorption

process characterized by a high likelihood of TAM
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Table 4 Thermodynamic parameters for the uptake of AMO, TETRA
and AMP onto FPAC

Adsorbate / Tempt. Amo Tetra Amp
Parameters (K)

R? 0.9539 08924 0.9845
AH (kJ/mol) -31.430 -72.740 -36.412
AS (kJ/gmol K) 7.8459 16.25 2.7079
AG (kJ/mol) 313.0 -2.7701 -5.1597 -1.2117
AG (kJ/mol) 318.0 -2.8093 -5.2409 -1.2252
AG (kJ/mol) 323.0 -2.8485 -5.3222 -1.2388
AG (kJ/mol) 328.0 -2.8878 -5.4035 -1.2523
AG (kJ/mol) 333.0 -2.9270 -5.4847 -1.2659

Table 5 Isosteric heat of adsorption, sticking probability and activation

energy parameters

Adsorbate / Amo Tetra Amp
Parameters

aH, (0/mol) 33.94 51.68 63.76

K 19.20 8.38 33.52
R2 0.9429 0.8883 0.9790
Ea (kg/mol) 6.9088 9.7706 15.0842
S* 0.6909 0.8606 0.4842

Table 6 Antibiotic uptake of Eyring equations parameters

Adsorbate / Tempt Amo Tetra Amp
Parameters (K)

R2 0.9975 0.9995 0.9966
AH™ (/mol) -20.832 -19.261 -17.869
AS™ (k/mol) 2197370 -1.97270  -1.9739
AG™ (k/mol) 313 61.7560 61.7262 61.7652
AG™ (/mol) 318 62.7428 62.7126 62.7522
AG™ (ki/mol) 323 63.7297 63.6990 63.7391
AG™ (ki/mol) 328 64.7165 64.6853 64.7261
AG™ (k/mol) 333 65.7034 65.6717 65.7130

molecules adhering to the FP surface. These S*
values indicate that the adsorption mechanism is
primarily dependent on the adsorbate, adsorbent
system and the temperature of the process (Ebelegi
et al., 2020).

The positive values of Ea simply indicates the
presence of an energy barrier that must be
overcome before adsorption occurs. And the
relatively low Ea values further indicate that the
adsorption process is dominated by physisorption
and is diffusion-assisted, requiring only a small

energy barrier for adsorbate-adsorbent interaction.

11

The positive Ea values confirm the presence of an
activation barrier, while the exothermic nature of
the process is evidenced by the negative AH°
values. Similar observations have been reported for
biomass-derived adsorbents (Echereme et al., 2019;
Ebelegi et al,, 2020).

3.4.5 Eyring equations

Thermodynamic evaluation using the Eyring
equation vyielded large positive A G™ values,
indicating that a significant amount of energy is
required to activate the adsorption process. Thus,
the reported A G™ values (61.76-65.71 kJ/mol
across 313-333 K) as shown in Figure 15, directly
reflect the temperature-dependent rate constants
governing the adsorption process.

A H™
(-20.83 kJ/mol), TETRA (-19.26 kJ/mol), and AMP (-

The negative values  for AMO

17.87 kJ/mol) confirm the formation of the
activated complex is exothermic nature of the
adsorption. Furthermore, the negative entropy
changes, -1.9737, -1.9727, and -1.9739 kJ/molK,
respectively, as shown in Table 6, suggests an
associative  transition state characterized by
increased ordering as antibiotic molecules interact
with the FPAC surface. This ordering is consistent
with surface-controlled adsorption rather than bulk

diffusion.

The positive A G~ values observed at all
temperatures confirm the presence of an energy
barrier that must be overcome for adsorption to
proceed, indicating that although the process is
overall, it is

thermodynamically  favorable

kinetically controlled. These observations are

consistent  with  previous adsorption  studies

employing the Eyring formalism (Ebelegi et al., 2020;
Mechnou et al., 2022).
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4, CONCLUSION
This study demonstrated that Flamboyant-pod-

based activated carbon is an efficient, low-cost, and
environmentally friendly adsorbent for the removal

of a ternary antibiotic mixture (amoxicillin,

tetracycline, and ampicillin) from aqueous

solutions. Batch adsorption studies revealed that

adsorption  efficiency was  influenced by
concentration, contact time, and temperature, with
optimum  adsorption observed at 40 °C.

Characterization by SEM, EDX, and FTIR confirmed

surface  modifications and

following  KOH

significant pore

development activation and

carbonization. Thermodynamic analysis revealed
negative AG® and AH° values, confirming that the
process was spontaneous and exothermic. The
isosteric heat of adsorption and activation energy
values suggested that the adsorption was primarily
physisorption-controlled. FPAC shows significant
promise as a sustainable and effective adsorbent
for the remediation of antibiotic-contaminated

wastewater,  contributing to  environmental

pollution control and resource valorization of

agricultural residues.
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ABSTRACT

Partial discharges (PDs) accelerate insulation degradation and threaten the reliability and life-span of high-voltage
substations. While PD mitigation studies largely focus on insulation materials and operating conditions, the role of substation
building materials in controlling internal humidity remains underexplored. Conventional ordinary Portland cement (OPC)
concrete is prone to moisture ingress, resulting in elevated humidity levels that intensify PD activity. This study review
materials—environment-PD  relationship by examining the properties of geopolymer concrete as an alternative to OPC.
The conceptual proposal highlights the permeability, moisture resistance, and sustainability of geopolymer materials, and their
potential to stabilise internal substation environments and mitigate humidity-driven PD risks are discussed. The study positions
geopolymer concrete as a viable construction material for improving the long-term reliability of electrical substation

infrastructure.
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1. INTRODUCTION

Electrical substation are vital components of power
networks, serving as interface between transmission
and distribution networks. Within substations,
voltage transformation to threshold operational
level is carried out through various electrical
equipment before power delivery to end users (Ali
et al., 2017; Bayliss and Hardy, 2007; Ezenwora et
al,, 2009). The operational reliability of such
equipment is influenced by the internal
environmental conditions of substation buildings,
which are, in turn, governed by external ambient
conditions and the materials used in their
construction (Byrne, 2013). In particular, a recent
study reported by Ji et al. (2023) and Wang et al.
(2018) have demonstrated that unfavourable

environmental conditions within  substations

influence  the  partial  discharge  activity.

Furthermore, elevated humidity, temperature

fluctuations, pressure variations, and airborne
pollutants increase the frequency and severity of
PD responses in indoor substations. Perhaps Ji et
al.,, (2024) identified temperature, pressure,
humidity, and contaminants as critical atmospheric
variables influencing PD initiation and propagation.
Thus, it is recommended that stringent
environmental control to enhance the lifespan of
electrical insulation systems must be activated.

Ordinary Portland cement (OPC) remains the most
widely used construction material for electrical
substation buildings. However, cement productions
contribute to environmental degradation, climate
change and disperses traceable level of 238U
radionuclide into the environment. (Oni et al., 2017;
Adnan and Anas, 2025). Beyond environmental
concerns, Cement-based concrete structures are
inherently susceptible to moisture ingress. The
absorption, adsorption, and subsequent desorption

of moisture from cementitious walls elevate

internal humidity levels, creating conditions that
exacerbate PD activity and accelerate insulation
degradation (Byrne, 2013).

The influence of humidity on PD behaviour is well
established in the literature. Ji et al. (2024) showed
that strict regulation of humidity, temperature, and
pressure is essential for extending the service life of
electrical equipment. Tschentscher et al. (2020)
demonstrated that humidity directly affects
conduction processes and micro-discharge intensity
at gas-solid interfaces in gas-insulated devices,
highlighting moisture control as a critical strategy for
reducing surface charge accumulation and PD-
related failures. Li et al. (2021) further reported that

hish humidity accelerates

both

insulation aging in

transformers,  reducing electrical  and
mechanical strength, while Hassan et al. (2020)
emphasized the need for comprehensive
environmental monitoring to prevent insulation
system failures caused by humidity, temperature,
and pollution.

Despite these advances, existing PD mitigation
studies predominantly focus on insulation
materials, monitoring techniques, and equipment-
level operating conditions, without the contribution
of substation building materials to internal
environmental control. Similarly, review studies on
geopolymer  concrete

primarily  emphasize

mechanical performance, durability, and

sustainability, without linking these properties to
partial  discharge

mitigation in  high-voltage

infrastructure. This review introduces a novel
perspective by integrating geopolymer material
science with partial discharge mitigation through a
building-environment framework. Rather than
treating PD solely as an insulation or operational
problem, the study positions substation building

materials as an upstream control parameter
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capable of stabilising internal humidity and
suppressing humidity-driven PD activity.

Geopolymer concrete (GPC), synthesized from
industrial and agricultural by-products, offers a
promising and sustainable alternative to OPC.
Owing to its denser microstructure and lower
permeability, GPC exhibits superior resistance to
moisture

ingress, improved  durability, and

enhanced environmental compatibility. These
characteristics suggest its potential to maintain
stable internal  humidity —conditions  within
substation buildings, thereby mitigating PD activity
and prolonging the operational lifespan of electrical
equipment.

The specific objectives of this study are to link (i)
the moisture transport behaviour of geopolymer
concrete, (i) substation indoor environmental
stability, and (iii) partial discharge mechanisms.
Accordingly, this work positions geopolymer
concrete not merely as a sustainable construction
material, but as a functional humidity-regulating
medium capable of enhancing the long-term

reliability of electrical substation infrastructure.

2. MAIN BODY

2.1 Partial Discharge
Partial discharges (PDs) are localised electrical
discharges that occur within or on the surface of
electrical insulation materials when subjected to
high-voltage electrical stress during equipment
energisation (Byrne, 2013). They arise when the
local electric field exceeds the dielectric
breakdown strength but do not fully bridge the
insulation gap between conductors. Instead, PDs
cause localised

progressive damage  and

accelerated ageing, which weakens insulation
systems and can ultimately result in complete
equipment failure and arc flashes (Awang et al,

2017; Szilagyi et al, 2023). PDs are commonly

classified into three types: corona, internal, and
surface discharges (Hassan et al., 2020; Melo et al,,
2024). Corona and internal discharges are primarily
associated with factors such as mechanical wear,
the presence of voids, gas ionisation around
electrodes, or pre-existing deterioration within
insulating materials (Wang et al., 2018; Hassan et al,,
2020). In contrast, surface discharges are strongly
influenced by adverse environmental conditions
surrounding the insulation system, particularly
humidity, temperature, and atmospheric pressure.
Among these environmental factors, humidity plays
a role in the initiation and exacerbation of surface
partial discharge activity. Moisture adsorption on
insulation and structural surfaces reduces surface
resistivity, promotes contaminant deposition, and
induces non-uniform electric field distributions,
especially at material interfaces, pores, and surface
defects (Wang et al., 2018). Consequently, sustained
high-humidity environments may compromise the
long-term performance and reliability of electrical

insulation in high-voltage installations. Furthermore,

increased moisture  content enhances ionic
conduction and facilitates  surface  charge
accumulation, leading to a reduction in PD

inception voltage and an increase in discharge
repetition rates (Li et al, 2021). In enclosed
infrastructures  such as electrical substation
buildings, internal humidity levels are strongly
influenced by the hygroscopic behaviour and pore
structure of construction materials. Conventional
OPC based concrete exhibits relatively high open
porosity and interconnected capillary pores, which
promote water absorption, moisture retention, and
cyclic adsorption—desorption processes. These
moisture dynamics elevate ambient humidity and
create favourable sufficient electrical conductivity
for formation of conductive paths for surface PD

development on electrical insulation systems. In
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contrast, GPC offer intrinsic properties that can

mitigate  humidity-driven  partial  discharge
mechanisms. The dense aluminosilicate gel matrix
of geopolymers is characterised by reduced open
porosity, lower water absorption capacity, and
hisher bulk density compared to OPC-based
concrete. These properties limit moisture ingress,
diffusion, and storage within the substation building
envelope, thereby stabilising internal humidity
levels. Reduced moisture availability helps preserve
higher surface resistivity of insulation materials and
minimises electric field enhancement at interfaces
and defects, ultimately suppressing the initiation
and propagation of surface partial discharges.
Therefore, by indirectly controlling the environme

ntal conditions that govern PD behaviour (Ji et al,,
2023), geopolymer materials function as preventive
dielectric-support materials rather than passive
This material-based

structural components.

approach  complements  conventional  PD
monitoring and insulation design strategies by
addressing the root cause of moisture-induced
surface discharge activity, thereby enhancing the
reliability and service life of high-voltage equipment
such as switchgear, transformers, and cables (Byrne,
2013).

2.2 Humidity

The level of humidity in the building of electrical
substation plays a dual role; it either suppress or
promote the activity of partial discharge. Humidity,
in the context of electrical insulation, refers to the
presence of water vapour in the surrounding
atmosphere. It is typically quantified as relative
humidity (RH) or absolute humidity, and its impact
on electrical systems extends beyond ambient
conditions (Ab-Ghani et al, 2019). The relative
humidity expressed as a percentage is a measure of

the actual amount of water in the atmosphere

compared to the maximum amount of water it can

hold (saturated) at the same temperature. High RH
in the electrical substation is caused by water
ingress through the building structure (Byrne, 2013).
Moisture can infiltrate insulation through diffusion,
absorption, or condensation - especially under
fluctuating temperature and pressure conditions
common in operational environments. Once inside,
it can alter the dielectric properties, increase
surface conductivity, and reduce dielectric strength,
making the insulation more prone to initiating and
sustaining PD activity (Ab-Ghani et al.,, 2019). The
influence of humidity in PD research has grown as
experimental studies and real-world failures have
revealed that hish moisture levels exacerbate
insulation degradation. Water molecules interact
with the insulation surface and internal structure,
facilitating electron avalanche, surface tracking, and
chemical breakdown of materials (Wang et al,
2018). A highly humid electrical substation building
contains contaminants such as dust, salt and
moisture that falls on insulation surfaces and
condense that creates a conductive path to initiate
discharge. This effect is strongly influenced by
building material properties: OPC-based concrete,
with high porosity and capillary connectivity, retains
moisture creating pathway for PD activity, whereas
GPC, owing to its reduced porosity, lower water
absorption, higher density, and improved moisture
resistance, limit moisture ingress and stabilise
humidity. Consequently, geopolymer materials
maintain higher insulation surface resistivity, reduce
electric field enhancement, and offer a preventive,
passive approach to mitigating PD in electrical
substations.

2.3 Geopolymer
Geopolymer is an amorphous, eco-friendly,
inorganic, and polymeric material produced by the

dissolution of alumina and silica-based sources in a

solution containing sodium hydroxide (NaOH) and
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sodium silicate (Na,SiO;) as activator at ambient
temperature (Issa et al, 2023; Ngui et al, 2022;
Walkley et al,, 2021). As a viable alternative to
cement, geopolymers have the prospect of
replacing OPC for the production of durable
concrete with good structural qualities (Olarinoye
et al, 2025). By considering the cementitious
nature, cost-effectiveness, durability (Matsimbe et
al., 2022), outstanding structural attributes and low
status (Liu et al, 2023),

carbon  footprint

geopolymer has tumn out to be the most
sustainable ecofriendly material for

OPC

replacing

conventional in concrete for structural
applications (Kanagaraj et al., 2024).

2.3.1 Properties of Geopolymer Concrete
Several aluminosilicate sources have been
synthesised using various alkali activators in varying
quantities to enhance the mechanical qualities of
geopolymer concrete. The unique properties of
geopolymers could be explored in mitigating partial
discharge in buildings of electrical substations.
Geopolymers' defining characteristics depend on
the raw material sources which define their
mineralogical and chemical compositions, physico-
mechanical properties, structural properties as well
as the manufacturing process, including the ratio of
raw materials, the blending time and temperature,
and any

rheology modifiers, accelerators, or

retarders that affect the curing and setting times
(Dogan-Saglamtimur et al,, 2022). The molar ratio
of silica and alumina (Si/Al), as well as the
circumstances of curing, setting, and hardening of
additional

the geopolymer  structures, are

parameters that affect the properties and

application areas of geopolymers (Janozevi€ et al,,
2018).  Geopolymer  properties are  often
investigated in terms of physical and mechanical
properties; however, for the purpose of this work,

physical properties of geopolymers such as, density,

porosity durability and water absorption in relation
to partial discharge mitigation in buildings will be
highlighted.

Density

The density of geopolymer composites depends on
their composition, the type of alkali activator
(Sodium-based or potassium-based), aggregate, and
the ratio of silicon to aluminium (Si/Al ratio). For
instance, depending on the nature of the precursor
used, the synthesis route and the curing condition,
geopolymer concrete could have densities vary
between 2810 - 3870 kg/m’ as compared to 2560
— 2790 kg/m?® for OPC concrete (Olarinoye et al,,
2025). However, higher water to mix ratios increases
porosity of the geopolymer thereby decreasing its
bulk density. This problem can be overcome by
increasing the Si/Al ratio of the geopolymer matrix
to become more compact and denser with fewer
pores. Thus, the high dense nature of geopolymer
concrete serve as buffer for moisture accumulation
to support humidity which in turn help in mitigating
partial discharge in  buildings of electrical
substations.

Porosity

The ratios of the mixture and curing conditions
influences the porosity of geopolymers. Higher
porosity arises from either insufficient compaction
during moulding or higher water content, which
weakens the geopolymer and thereby affecting its
durability. Concrete's mechanical qualities are
closely related to its porosity and pore distribution,
both of which can be enhanced by adding mineral
admixture  (Ayub et al,, 2014). The chemical
makeup of the raw materials, the curing conditions,
and the processing technique are some of the
variables that affect the porosity of geopolymer
concrete. When solid aluminosilicate precursors are

dissolved by alkaline hydrolysis, a supersaturated

solution of aluminate and silicate varieties is
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Table 1 Factors that can mitigate partial discharge in concrete

Factors Geopolymer concrete Portland concrete
2 M NaOH 12 M NaOH

Curing days 28 90 28 90 28 90
Water absorption (%) 4.44 391 475 a.27 5.08 453
Volume of permissible voids (%) 10.51 9.32 10.72 9.74 11.66 10.48
Charge passed (C) 977.61 928.73 1065.14 1023.43 1887.34 1792.97
Table 2 Properties of Geopolymer, Humidity Control and PD Mitigation Mechanism
Geopolymer Properties Humidity Control PD Mitigation

Porosity Lower porosity acts as humidity buffer

Decreases the risk of PD due to discontinuous

Water absorption
absorption capability

Density

condensation of water, controlling humidity

Electrical conductivity

characterised by few pores that can prevent moisture

build-up

produced. This results in the formation of a gel,
after which the water molecules that are meant to
be consumed during the precursor's dissolution are
(Aredes et al, 2015).

released [t has been

discovered that a geopolymer's porosity is
significantly influenced by its early water content
during formation (Castillo et al., 2021). This is due
to the fact that high water content causes voids to
form, increasing a material's porosity and forming a
permeable geopolymer that is susceptible to
shrinkage and the formation of microcracks during
the curing process (Hotek et al.,, 2023). In the end,
this will result in the concrete's shape becoming
deformed (Wielgus et al., 2021). Depending on the
specific application and desired characteristics,
geopolymers can have a wide range of porosities.
Accordingly, geopolymers have a range of pore
diameters, both open and closed, and their
properties are related to the raw material source
and the curing method (Aredes et al, 2015).

However, by increasing the rate  of

geopolymerisation and creating a denser matrix, a

Control internal humidity due to low water

Low permeability due to high density of GPC reduces

Geopolymers with lower electrical conductivity are

pore network

Prevent electrical conductivity due to lower
pore leading to high surface resistivity

Denser GPC with fewer pores decreases the risk
of PD

Fewer pores hinder ion mobility thus mitigating

partial discharge

higher Si/Al ratio tends to decrease the porosity of
geopolymers. From a partial discharge perspective,
this reduction in porosity and pore connectivity
directly limits moisture retention and ionic
transport within substation building walls, thereby
suppressing localised electric field distortion and
space-charge accumulation that are fundamental
to PD initiation and propagation under high-voltage
stress.  Consequently, controlling geopolymer
porosity through optimised mix design and curing
conditions provides a clear, material-based
pathway for mitigating humidity-induced PD activity,
offering a functional advantage over conventional
OPC-based construction materials.

Durability

Durability has a major influence on how long
concrete structures last. Prior knowledge of the
durability qualities is desirable for the commercial
deployment of geopolymer concrete for many
of electrical

applications including buildings

substations.  Geopolymers' chemical makeup

coupled with a higher surface area and a higher
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concentration of amorphous silica and alumina of
their precursors produce less porous gel (Ngui et al.,
2022). This provides their exceptional durability
properties that can enhance their performance to
mitigate moisture ingress in buildings of electrical
substations.

Water absorption

The water absorption in geopolymers is determined
by porosity and curing conditions. The durability
and chemical attack resistance of geopolymers are
enhanced due to lower water absorption which is
due to low porosity. Water absorption in fly ash and
slag-based geopolymer concrete is typically lower
than in Portland cement concrete. Thus, they can
severe conditions. The water

and 4.44% for

be utilised in
absorption  values of 3.91%
geopolymer concrete at lower NaOH concentration
have been documented for 90- and 28-days curing
period respectively by (Singh et al., 2024) as against
4.53% and 5.08% for Portland concrete within the
same period. This reduced water absorption is
associated with the dense matrix, reduced

permeability, and improved  microstructural
integrity, all of which contribute to the long-term
durability of geopolymer-based structures. From a
partial discharge standpoint, lower water absorption
directly limits moisture accumulation within the
concrete matrix and on the internal wall surfaces of
substation buildings. Reduced moisture availability
jonic conduction,

suppresses surface wetting,

and space-charge formation-key mechanisms
responsible for PD initiation and intensification
under high electric field conditions. Consequently,
the inherently low water absorption of geopolymer
concrete provides a clear and functional pathway
for mitigating humidity-induced PD activity when
with OPC-based

compared conventional

construction materials.

Electrical Conductivity

Geopolymers are generally good insulators due to
their poor electrical conductivity. The type of
alkaline activator employed, porosity, and moisture
level all affect conductivity. In the absence of
conductive additives, geopolymers often display
characteristically low electrical  conductivity,
typically between 10* to 10° S/cm, making them
an insulating material of choice in construction. The
high resistivity which is often greater than 100
kQ-cm inhibits considerable current leakage, which
limits the initiation and occurrence of partial
discharges under high voltage conditions (Zhang et
al,, 2024). Besides, the low thermal conductivity of
geopolymers and high resistivity, predisposes them
to outperform the conventional Portland cement
for the purpose of electrical insulation in high
voltage environments. Thus, in buildings of
electrical substations, geopolymer composites can
minimise partial discharge by reducing surface
erosion and dielectric losses from discharges
(Alvarado et al,, 2024). This can be attributed to
their dense aluminosilicate structure which has the
capacity to regulate moisture, resist void formation
and ion migration (Chen et al., 2024; Dai et al., 2022,
Sharmin et al., 2024). The behaviour of geopolymer
composite as a sustainable insulation material for
mitigating partial discharge is evidence from the
work of Singh et al. (2024) as presented in Table 1,
where electrical charges passing through the
geopolymer concrete increased with increasing
molar concentration of NaOH, while it decreased
with decreasing water absorption and volume of
permeable voids which are both connected to the
porosity of the concrete. Besides, the quantity of
charge passing through geopolymer concrete is
lower as compared to the OPC concrete for the
shows that

curing durations considered. This

geopolymer concrete can be used effectively to
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mitigate partial discharge in the buildings of
electrical substations. Table 2 presents the causal
linkage summarising the mechanism of humidity
control and partial discharge mitigation of core
geopolymer properties.

2.3.2 Environmental Benefit of Geopolymer

In civil engineering construction applications, there
environmental benefits

are several of using

geopolymers rather than OPC. Such benefits
include, lower carbon footprints, utilisation of
industrial wastes, less energy requirements, low
water consumption, less pressure on pristine
natural resources, reduced air pollutant emissions,
carbon sequestration potential, and minimal
ecological damage.

Reduced Carbon Footprints

In order to produce OPC, limestone must be
calcined at temperatures of about 1450 °C, which
releases a significant amount of CO, (Al-Jiboory and
Al-Hazaa, 2022). According to (Adnan and Anas,
2025; Bouchenafa et al., 2022), the CO, emission
from the process of calcining limestone is
responsible for 2 billion tonnes annual global CO,
emission. On the other hand, calcination is not
necessary for the manufacturing of some
geopolymer cement particularly, those produced
from industrial wastes, hence process-related CO
emissions are avoided. For every tonne of cement
produced, OPC releases about 1 tonne of CO,
emissions (Palod et al., 2017). This CO, emissions
can be cut by up to 80% with geopolymers (Ruviaro
et al,, 2023). This directly aids in reducing global
warming and achieving climate change targets such
as those outlined in the Sustainable Development
Goals (SDGs). This directly contributes to reducing
global warming through the protection of the
ecosystems, reducing natural disasters, preserving
sustainable human

biodiversity, and ensuring

development (Pinlova et al., 2024). It also supports

achieving climate change targets outlined in the
Sustainable Development Goals (SDGs), which aim
decrease marine

to improve water quality,

pollution, protect terrestrial and aquatic
ecosystems, and promote sustainable agriculture
and forestry.

Use of Industrial Waste

Fly ash (Aziz et al., 2023; Guan et al., 2023), blast
furnace slag (Inti et al.,, 2016; Ashveenkumar et al,,
2022), and red mud (Liu et al., 2020; Singh et al,,
2018) are examples of industrial by-products that
are frequently used to make geopolymers. These
materials would otherwise end up in landfills or
present danger of contamination of surface and
underground water in the environment. By diverting
trash from disposal, this lowers the dangers
associated with leachate and land wuse. It
encourages zero-waste production and the circular
economy (Philip et al., 2023). This also, protects the
environment through the recycling of waste that
contains polymer contaminant thereby reducing the
risk of toxic substances that can contaminate soil and
groundwater (Jiao et al.,, 2025).

Decreased Energy Use

Because OPC is produced in high-temperature kilns,
it requires a lot of energy. Low-temperature
processing usually less than 100 °C (Ekaputri et al.,
2017; Lopes et al., 2023) or ambient curing (Aziz et
al., 2023; Nurruddin et al., 2018) are used in the
manufacturing of geopolymers. As a result, energy
consumption is lower; thereby lessening reliance on
fossil fuels. The reduction of reliance on fossil fuels
significantly lowers greenhouse gas emissions, a
major driver of global warming and climate change.
Furthermore, the decreased fossil fuel combustion
enhances air quality by reducing harmful pollutants
such as Sulphur dioxide and Nitrogen oxides. This

ultimately leads to improved public health and

fewer respiratory issues among people.
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Reduced Natural Resource Mining

OPC requires extensive mining of natural mineral
resources such as, gypsum, clay, and limestone,
which causes ecological imbalance (Adekunle et al.,
2017), radionuclide dispersal, biodiversity loss.,
pollution of the air and soil with dust. By using
waste materials that already exist, geopolymers
considerably reduces the requirement to extract
pristine raw materials. The use of geopolymers
helps protect the environment by mitigating the
adverse effects of mining of natural resources. This
is because the extraction of natural resources
especially solid minerals often results in land
excavation, soil erosion, biodiversity loss, and water
pollution (Suleiman, 2024). These environmental
impacts can devastate local communities that rely
on natural resources for their livelihood. However,
by adopting geopolymers, it significantly reduces
the environmental degradation associated with
mineral resources extraction.

Reduced Water Usage

Compared to OPC concrete mixes, geopolymer
concrete mixes usually require less water, and can
be cured in the absence of water. Also, the
manufacture of cement utilises a significant amount
of freshwater. This water requirement has been
estimated as 0.5 kl/tons of OPC by (Selvarajan et
al., 2017). Thus, in arid and water-limited areas, the
use of geopolymer-based concrete will prevent
excessive use of the available water resources. This
further contributes to environmental protection by
safeguarding ecosystems, minimizing pollution,
saving energy, and ensuring water remains available
over the long term. In addition, it supports the
preservation of natural habitats, reduces carbon
emissions, and helps prevent water shortages,

benefiting both nature and human populations.

Lower Air Pollutant Emission

In addition to CO2 emissions, OPC production is
also linked to hazardous emissions. Such hazardous
emissions. includes, emissions from the mining of
lime stone, emission of nitrous oxide (N,0),
methane (CH,) (Adekunle et al,, 2017; Mohsen et
al.,, 2022), SO5, during production and particulate
matter, which contributes to respiratory illnesses,
acid rain, and smog formation. Besides, calcination
of OPC raw materials and burning of fossil fuels to
sustain elevated temperature in the kiln are the
processes  that  constitute  the  highest
environmental impact (Durastanti and Moretti,
2020). Since the manufacture of geopolymers is a
lower temperature process, very little airborne
pollution is released. The reduction of air pollutant
emissions plays a vital role in protecting the
environment. It lessens harm to ecosystems such
as forests, soils, water bodies, and aquatic life by
decreasing toxic  substances and  nutrient
imbalances. This process supports biodiversity and
forest vitality while also enhancing soil health and
water cleanliness. In addition, cleaner air improves
visibility and fosters the well-being of plants and
wildlife. Moreover, lowering air pollution not only
safeguards nature but also yields considerable
health advantages for people, including fewer
respiratory and heart diseases, reduced healthcare

expenses, and longer life expectancy (Kyrchenko,

2024).

3. CONCLUSION

This article has reviewed the properties,
electrical conductivity and the environmental
benefits of geopolymer concrete in relation to its
in the construction of

potential application

electrical substation buildings. The synthesis of the
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review indicates that geopolymer materials exhibit
superior moisture resistance and lower permeability
compared to ordinary Portland cement (OPC),

enabling improved stabilisation of internal

substation humidity. Such stabilisation plays a
critical role in reducing humidity-induced partial

discharge activity, thereby limiting insulation

degradation, preventing premature equipment

failure, and extending the operational lifespan of

high-voltage electrical assets. In addition to

performance benefits, the use of geopolymer

concrete  offers substantial  environmental

advantages through the valorisation of industrial by-

products, reduction of landfill disposal, and

mitigation of risks associated with leachate

formation and groundwater contamination. These
attributes  collectively  position  geopolymer
concrete as a viable and sustainable alternative to
OPC for enhancing the reliability of electrical
substation infrastructure. However, this study is
constrained by the lack of adequate dielectric data
and coupled humidity-temperature simulations
tailored to geopolymer applications in substations.
Future study is recommended for a controlled
experimental studies and numerical modelling to
establish the relationship between geopolymer
material properties and partial discharge
suppression, as well as to optimisation technique
for geopolymer composites for long-term insulation

reliability.
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ABSTRACT

This research aimed to quantitatively forecast the elderly population in Songkhla province using the Box-Jenkins
(Autoregressive Integrated Moving Average - ARIMA) method. This method is based on the assumption that the past behavior
of a time series is sufficient to predict future behavior. This study used historical monthly time series data of the elderly
population in Songkhla province from 2017 to 2024 to determine the most appropriate ARIMA model. The results showed
that the most appropriate model was ARIMA(4,2,0)(2,0,0);,, which exhibits a clear and consistent seasonal pattern (seasonal
data). The AIC value was 1181.419, and the estimated variance of error (white noise) was 14188. Projections indicate a
significant and continuous increase in the elderly population over the next five years, with an expected rise of more than
50,000 people between 2025 and 2029. The resulting forecast provides a quantitative estimate of the future elderly
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1. INTRODUCTION

The number of elderly people worldwide is
currently growing at a steady and quick pace.
According to the World Health Organization, by
2030, one in six people worldwide will be 60 years
of age or older. At that time, the proportion of the
population aged 60 and over will increase from 1
billion in 2020 to 1.4 billion. By 2050, the global
population aged 60 and over will double (2.1
billion), and the number of people aged 80 and
over is projected to triple between 2020 and 2050
to 426 million (World Health Organization, 2025).
After Nakhon Si Thammarat province, Songkhla
province has the second-highest population in
Southern Thailand and the Gulf of Thailand.
Songkhla province's population has been growing
since 2013; however, at an average annual rate of
only 0.45%, this increase is not very rapid. The
number of elderly people has increased in tandem
with changes in the country's demographics. The
percentages of people aged 0-14 and 15-59 have
steadily declined between 2013 and 2018
(Songkhla Provincial Development Plan, 2021),
while the percentage of those over 60 has
increased, mirroring the national trend. According to
this data, the old population is growing at a lower
birth rate, while the child. In order to guarantee a
high standard of living for the aged in Songkhla
province, pertinent agencies must create policies in
the social, economic, and health domains. In the
future, there will be a lack of young caretakers and
an increase in health issues for the elderly, such as
diabetes, hypertension, or age-related degenerative
diseases. The provincial labor force will decline at
the same time.

This corresponds with information from the Human
Resource Development Plan for the old in Songkhla
province, which indicates that the province is

encountering difficulties due to its increasing elderly

population. Consequently, it is imperative to

cultivate and refine multifaceted foundational
elements within the province to augment the
capabilities of the aged. Preliminary data from the
official registration system in 2021 indicated that
Songkhla province had an elderly population of
229,680 as of June 30, 2021, or 16.27% of the total
population. The elderly population can be
categorized by their condition: 159,693 are socially
engaged, 137,495 have chronic illnesses, 7,301 are
home-bound, and 1,249 are bedridden. Almost all
elderly people can live freely and carry out
everyday tasks because they are socially active.
Targeting this group is essential for driving positive
societal aging in Songkhla province. According to
the Songkhla Provincial Office of Social
Development and Human Security (July 27, 2021),
the most pressing issue for this demographic is
financial distress, characterized by an insufficiency
of income to sustain daily livelihoods. They
expressed a need for comprehensive support for
career and income generation. Health issues were
also a major concern, highlighting the desire for a
better quality of life among the elderly in Songkhla.
Numerous past studies have focused on the quality
of life of the elderly, both nationally and within
Songkhla province. For example, Noknoi and
Boripunt (2017) studied the quality of life of the
elderly in Songkhla, Thongyai (2019) examined
factors affecting the happiness of the elderly in the
Kaoseng community, and Suk-anan (2020)
investigated strategies for promoting employment
among the Thai elderly. These studies generally
focused on the overall quality of life. However, the
recent global COVID-19 pandemic has caused
changes in all dimensions. Considering the
increasing elderly population and their current
problems in Songkhla, the research team recognizes
of these societal

the importance changes.
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Therefore, this research aims to forecast the upward
trajectory of the aging population in Songkhla
through a time-series analysis. By utilizing the Box-
Jenkins method, a predictive model is constructed
to provide empirical estimations of future elderly
population trends. This study employs quantitative
forecasting, a systematic approach that leverages
historical time-series data to extrapolate future
trends through the application of rigorous
mathematical models. The Box-Jenkins method is
distinguished by its hish degree of accuracy and
precision in quantitative forecasting. Its robustness
stems from the prerequisite verification of time-
series stationarity before estimation. Notably, this
approach remains data-driven, as it does not
necessitate a priori model specification, allowing
the model structure to emerge from the empirical
data itself. In this study, the forecasting model was
manually specified, yielding a specialized model for
the low-income demographic that offers granular
insights. This approach is particularly efficacious for
time-series data lacking discernible cyclical or
seasonal patterns. The robustness of the Box-
Jenkins method is well-documented across diverse
forecasting domains. For instance, Anvari et al.
(2016) developed an automated Box-Jenkins tool to
analyze passenger demand in urban rail systems,
while Idrus and Mohamed (2020) conducted a
comparative study between Box-Jenkins and
artificial neural networks to forecast air travel
volume in Malaysia. Furthermore, in the context of
demographic projections, Ayele and Zewdie (2017)
utilized ARIMA modeling on annual Ethiopian
population data (1961-2009), identifying the ARIMA
(2,1,2) as the optimal fit. Parallel to these global
applications, this research employs the Box-Jenkins

ARIMA technique, utilizing a longitudinal dataset
spanning 1960 to 2017 to project population trends.

The remainder of this article is structured as
follows. Section 2 elucidates the theoretical

framework of the Box-Jenkins forecasting
methodology. Section 3 details the data collection
process and analytical procedures, followed by
Section 4, which presents the conclusion and
discussion. In Section 5, numerical results from a
performance comparison across various scenarios
are provided. Finally, Section 6 outlines policy
implications, offering strategic recommendations for

future research.

2. METHODS

2.1 Box-Jenkins Method
The Box-Jenkins method is a quantitative
forecasting technique based on the idea that the
past behavior of a time series is sufficient to predict
its future behavior. Unlike other forecasting
methods, which require the forecaster to pre-
specify the form of the relationship, especially
when the time series lacks a clear trend, cycle, or
seasonality, the Box-Jenkins method does not
require a fixed model form before analysis. The
model is identified during the analysis process itself,
which involves the following steps:

Step 1. Calculate the value of the self-correlation
function. (Autocorrelation Function: ACF) and Partial
Autocorrelation Function (PACF) are the first step
for stationary time situations, namely the time
requirement for which the forecast value is to be
calculated, to find the ACF and PACF values to be
used for processing in the model, or to select the
model which will be mentioned, or the amount of
data to be examined again, as observed. These
functions help in identifying the appropriate model
by indicating the number of past observations (lags)

to be considered. Calculate the ACF value using the

following equation:
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where X, is the data or observations at time
j is the number of time intervals between
the data j=1,2,3,...,k,
N is the total number of data, and

X is the average of all the data where

Calculate the PACF value using the following

equation:
I, k=1
k-1
(i) _ M _Z(d)(k—l)jrk—j)
kk — =1 .
’Hf k=2,3,4,...,
1- ((I)(k—l)jrj)
j=1
(2.2)

and dy =¢(k—l)j _(I)kkd)(k—l)(k—j) ;=123 k-1.

Step 2. The appropriate model is determined by
examining the patterns of the ACF and PACF plots,
as summarized in Table 1.

The quantitative model used in this research's
forecasting is the ARIMA(p,d,q) process. p is the
number of regression terms, d is the rank of the
difference that keeps the data stable, and q is the
number of moving average terms. For example, the
ARIMA (2,1,2) process has a rank 1 difference (d=1)
that maintains stability, along with two regression
terms and two moving average terms. If d=0, the
ARIMA (p,d=0,q) process means ARMA (p,q). Note
that the ARIMA(p,0,0) process means the AR(p)
process, and the ARIMA(0,0,q) process means the
MA(q) process. The ARIMA (p,d,q) model is derived

from the ARMA(p,q) process, which has the

following general form.

i. pM-order autoregressive model: AR(p)
X, =0+¢,X, ; +¢,X,, +...+(1>pXI_p +U,, (2.3)

where X, is the data or observation at the time t,
8 is the process constant,

u, is the random error at time t,

t
¢1,¢2,---,¢p is the coefficient of the regression term,
and X, X5 Xt_p is the response variable at the

lag, t-1,t—2,...t—p.
ii. g"-order moving average model: MA(q)

X =0+U,—0u,, —0,u ,—..=0,u,_,, (2.4)

where X, is the data or observation at time t,
O is the constant mean,

u, is the white noise process at time t,

t
0,,0,,...,0, is the coefficient of the moving average
term, and Uy, U5, Ui4 is the moving average

term Q.

th

ii. p" and q"-order autoregressive moving

average model: ARMA (p,q)

X =0+9,X 5 +0,X 5+ +0, X, +U, —eluH( |
2.5

=0,u, , —..=6,U,,
where X, is the data or observation at time t,

§ is the constant mean,

u,is the white noise process at time,
0,,0,,...,0, is the coefficient of the moving average
term,
Uiy Uiy Ui is the moving average term (.
¢1,¢2,---,¢p is the coefficient of the regression term,

and

X X premn Xt—p is the response variable at the lag,
t-1Lt-2,..,t—p.
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Table 1 Identifying Models using ACF and PACF.

Model ACF PACF

AR(p) Decays exponentially Cuts off after lag p
MA(q) Cuts off after lag g Decays exponentially
ARMA(p,q) Decays exponentially Decays exponentially

Table 2 The results of testing the stationarity of the data through the Unit Root Test method, the results before and after data adjustment.

Augmented Dickey-Fuller test

At level 1° Difference 2" Difference
t - statistics p - value t - statistics p - value t - statistics p - value
-1.3975 0.8254 -2.8841 0.2113 -7.7183 0.0100
Table 3 Comparison of best—fit ARIMA models through Akaike Info Criterion (AIC) requirements.
MODEL AIC
ARIMA(2,2,2)(1,0,1),, Inf
ARIMA(0,2,0) 1287.986
ARIMA(1,2,0)(1,0,0);, 1205.391
ARIMA(0,2,1)(0,0,1),, 1219.348
ARIMA(1,2,0) 1278.459
ARIMA(1,2,0)(2,0,0);, Inf
ARIMA(1,2,0)(1,0,1),, Inf
ARIMA(1,2,0)0,0,1), 1239.545
ARIMA(1,2,00(2,0,1);, Inf
ARIMA(0,2,0)(1,0,0),, 1208.09
ARIMA(2,2,0(1,0,0);, 1197.401
ARIMA(2,2,0) 1261.342
ARIMA(2,2,0)(2,0,0),, 1189.355
ARIMA(2,2,0)(2,0,1);, Inf
ARIMA(2,2,0)(1,0,1);, Inf
ARIMA(3,2,0)(2,0,0),, 1188.844
ARIMA(3,2,0)(1,0,0);, 1194.276
ARIMA(3,2,00(2,0,1);, Inf
ARIMA(3,2,0)(1,0,1),, Inf
ARIMA(4,2,0)(2,0,0),, 1181.419
ARIMA(4,2,0)(1,0,0);, 1188.255
ARIMA(4,2,0)(2,0,1),, Inf
ARIMA(4,2,0)(1,0,1);, Inf
ARIMA(5,2,0)(2,0,0);, Inf
ARIMA(4,2,1)(2,0,0),, 1183.713
ARIMA(3,2,1)(2,0,0);, Inf
ARIMA(5,2,1)(2,0,0);, 1185.765

Step 3. Parameter estimation is the

estimating the parameters contained

series

model

using the maximum

method L(¢,6,8,0.|X,,t=123,..,N).

process of
in a time

likelihood

The estimated values of ¢,06, and & can be
calculated by minimizing the sum of squared errors,

that is
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It is an approximate value u,, which is considered

from the equation.

U =X, — ¢ X, —.—h X

when the approximate values of ¢,0, and & are

found, the approximate values of Gﬁ are obtained

by
N
ot =1y (2.9)

Let B the factors of the various parameters be
replaced by the statistic used to test the t

estimator given by

(2.10)

where SE(ﬁ) is the standard error of B and
degrees of freedom is the number of terms N

minus the parameter to be estimated.

Step 4. Model Suitability Checking: Once a time
series model has been selected and its parameters
have been estimated, the next step is to test its
suitability. The principle for model suitability checks
is based on the random probability properties of
the error values U,, particularly regarding the lack
of self-correlation. That is, if the selected model is
suitable and its parameter values are known, we
will use Q the Chi-squared distribution, which is

calculated using the following:

o(k) ={(N-d)[(n- d)+2}zk: (2.11)

I [ J]

The Q statistic is used to test for non-self-

correlation of error values u,. It is the degree of

freedom Q = k of the statistic minus the number

of parameters to be estimated for the chosen
model.
where k is the number of time intervals (lags)
between the data

N is the total number of observations of
the time series,

d is the rank of the time series difference,

and  1; is the autocorrelation at the lag j.

Step 5. Forecasting. Once the model assigned to
the time series has been verified to be suitable, the
next step is to apply the model equations to the

forecast to find the forecast value
2.2 Describing the Real Data

This research focuses on the quantitative
analysis of a forecasting model for the elderly
population in Songkhla Province. Statistical time
series data from 2017 to 2024 were collected and
analyzed using the Box-Jenkins method (or ARIMA
model) to accurately forecast future trends and
growth rates of the elderly population, providing
important insights for provincial-level care planning.
The collected data are presented in Figure 1.
Figure 1 shows that the number of elderly people
in Songkhla Province has been steadily increasing
each year. When considering each district, Hat Yai
District has the highest number of elderly people,
followed by Mueang Songkhla District, Sadao
District, Chana District, and Singhanakhon District,
which are the top five districts in Songkhla Province
with the highest number of elderly people.

As shown in Figure 2, the average elderly
population in Songkhla Province has been increasing

annually and is likely to continue to increase. This



Journal of Applied Science and Emerging Technology (JASET) Vol. 24, No. 3 [2025]: e265260

The Elderly Population (N) Hat Yol Di
at Yal District

o
Mhoeang Songkhla Distict

o  Sadao Distri
 Chana Distic
_————————— .,

t ¥ B e e e e ]
——— : :

12 013 2014 215 2016 E 2018 2019 220 ma 22

Figure 1 Annual Number of Elderly Population by District in Songkhla

Province.

s 2020

250000 - 241754

200000 -

150000

100000 |

0 -

Figure 2 The Average number of elderly people per year, 2017 —
2024, of Songkhla Province.

1n o g1
wWoH0 o 1

L]

1s dala 372
W 0 N0 40 A

B0
N

Figure 3 The Stationary Characteristics of Elderly Population Data
by Finding 1% Difference and 2" Difference.

ACF - Differenced Data PACF - Differenced Data

04

Partial ACF
0.

||}

00 08 10 15 08 10 15

02 00

ACF
02 00 02 04 06 08 10

Lag Lag

Figure 4 ACF and PACF diagrams.

increase in the elderly population impacts

management in many areas, including the economy,

society, and health. This is particularly the case with a
decline in the workforce, increased financial burdens,
and the increasing demand for health and welfare
services. This has led government agencies to plan
and adjust policies to accommodate the growing
elderly population. Furthermore, in today's society,
the birth rate has significantly decreased. According to
the Department of Older Persons Affairs, an "aging
society" is defined as a society in which the proportion
of the elderly or the population aged 60 years and
over has steadily increased, while the proportion of
the birth rate and the working-age population has
decreased. The results of the quantitative analysis of
the elderly population forecasting model in Songkhla
Province, using the Box-Jenkins method, were used to
create a forecast model for the future elderly
population. Historical data on the elderly population
in Songkhla Province were collected from 2017 to

2024.

3. DATA AND ANALYSIS

Data analysis revealed a steadily increasing trend
of the elderly population each year, resulting in a
shrinking workforce, financial burdens, and demand
for health and welfare services. To accommodate
the future expansion of the elderly population in
Songkhla Province, researchers developed a
quantitative forecasting model of the elderly
population in Songkhla Province using the Box-
Jenkins method. This model was developed by
collecting historical statistics of the elderly
population in Songkhla Province from 2017 to 2024.
The steps can be summarized as follows:
3.1 Testing for Stationarity

The stationarity of the time series data was tested

using the Augmented Dickey-Fuller (ADF) Unit Root
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Test (Dickey and Fuller, 1979). For time series analysis,
the researchers used the R statistical software (v4.3.2;
R Core Team 2023) and core functions from the
forecasting package v8.21 (Hyndman et al.,, 2023) for
ARIMA modeling and the tseries package v0.10-54
(Trapletti and Hornik, 2024) for stationarity testing.
The hypotheses are given as:
H, : The data is non-stationary

H, : The data is stationary

From the Table 2 the data testing through the Unit
Root Test method, the p-value results are as follows:
The data on the number of elderly people in Songkhla
Province has a p-value of 0.8254, which is higher than
the level of significance (Level of Significant) set at
0.05, indicating that the data on the number of elderly
people used in the study are not stationary. Therefore,
the researcher calculated the first difference
(1% Difference) and got a p-value of 0.2113, indicating
that the data on the number of elderly people used
in the study are not stationary. When calculating the
first difference, the researcher calculated the second
difference (2™ Difference) and got a p-value of 0.01,
which is lower than the significance level of 0.05,
resulting in data that is stationary at the significance
level of 0.05. The study results can explain the
differences in data, as shown in Figure 3.

3.2 Identifying the Model Order (p, q)

Consider the ACF (Autocorrelation Function) and
PACF (Partial Autocorrelation Function) plots of the
differentiated time series data used to identify the
order (p and g) of the ARIMA (Autoregressive Integrated
Moving Average) model, as shown in Figure 4

Figure 4 illustrates the ACF - Differenced Data
diagram showing the relationship between the time
series and historical values (lags). The results show
that the ACF value rapidly decreases (cuts off) after
the first lag. At lag 1, the first bar exceeds the dotted
blue line (value 0.2),

indicating a significant

relationship. At lags 2 and 3, the bar falls within the

range of the dotted blue line, indicating a non-

significant  relationship. Finally, at lag 12, the
relationship is again high (approximately 0.5), indicating
seasonality at lag 12 (since it is monthly data). In other
words, for MA (@), the rapid "cut off" of the ACF after
lag 1 suggests that the model may have a sequential
MA (moving average) component, or perhaps a
seasonal MA.

The PACF - Differenced Data diagram shows the
relationship between the time series and historical
values. By eliminating the effect of the intermediate
values, at Lag 1, the first bar exceeds the blue dotted
line (value 0.2), indicating a significant relationship. At
Lag 2 and Lag 3, the bars are in the range of the blue
dotted line. At Lag 10 and Lag 12, the relationship is
again significant, which may be related to the seasonal
structure, i.e., for AR (p): the PACF "Decays’, i.e., it
declines slowly or "Cuts off". From the figure, the PACF
also "Cuts off" after Lag 1, because Lag 2 and Lag 3 are
not significant, which may indicate that the model
may have an AR (Autoregressive) component at the
order of magnitude.

The ACF and PACF plots for the differenced series. The
ACF (Autocorrelation Function) exhibits a distinct cut-
off after lag 1, with the first lag significantly exceeding
the 95% confidence threshold. Additionally, a
prominent seasonal spike is observed at lag 12 (lag
1.0), suggesting a seasonal moving average (SMA)
component.  Simultaneously, the PACF (Partial
Autocorrelation Function) shows significant spikes up
to lag 4 before cutting off, which typically
characterizes an AR(4) process. Following the Box-
Jenkins identification logic, these patterns justify the
inclusion of both non-seasonal and seasonal
parameters in the candidate SARIMA model.

3.3 Finding the Best ARIMA Model

The best ARIMA model was automatically found to fit

the time series data of the elderly population in
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Table 4 Goodness-of-Fit and Forecasting Accuracy of the SARIMA(4, 2, 0X2, 0, 0),, model.

Parameter Lag Coefficient Standard Error
AR1 1 -0.4733 0.1005
AR2 2 -0.5194 0.1086
AR3 3 -0.3151 0.1081
AR4 a -0.3249 0.1008
SAR1 12 0.4596 0.101
SAR2 24 0.3599 0.1112

o’ =14188 AIC = 1180.12

RMSE = 114.0422 MAPE = 0.03790666

ACF1 =-0.02079397

Table 5 The increasing trend of the number of elderly people in Songkhla Province in 2025.

Month Point Forecast 95% Confidence Interval
Lower Upper
Jan 266,790.70 266,557.30 267,024.20
Feb 267,556.90 267,130.80 267,983.00
Mar 268,391.00 267,799.40 268,982.60
Apr 269,217.00 268,454.60 269,979.40
May 270,021.90 269,088.60 270,955.20
Jun 270,846.50 269,708.60 271,984.50
Jul 271,680.90 270,311.60 273,050.20
Aug 272,509.40 270,901.30 274,117.50
Sep 273,465.30 271,609.40 275,321.20
Oct 274,289.80 272,178.40 276,401.10
Nov 275,063.40 272,683.90 277,442.80
Dec 276,085.20 273,423.20 278,747.20

Songkhla Province using the Akaike Information
Criterion (AIC). The results are shown in Table 3.

From Table 3, it was found that the best Seasonal
ARIMA (SARIMA) model is based on the Akaike
Information Criterion (AIC). The model with the lowest
AIC was found to be SARIMA(4,2,0)(2,0,0),,, which is the
model with clear and consistent seasonal data, with
an AIC of 1181.419. Several models resulted in infinite
AIC values. This phenomenon occurs when the model
structure is incompatible with the data’s stochastic
properties, primarily due to a lack of stationarity or
invertibility. In such cases, the iterative estimation
procedure fails to converge, often as a consequence
of including redundant parameters beyond the
information capacity of the time series. Although
models, such as

several candidate

SARIMA(4,2,1)(2,0,0),, exhibited AIC values comparable
to the selected model, SARIMA(4,2,0)2,0,0),, was
preferred based on the principle of parsimony. The
marginal improvement in model fit provided by the
additional moving average (MA) parameter in the more
complex configurations did not justify the increased
model complexity. Furthermore, SARIMA(4,2,0)(2,0,0);,
achieved the absolute minimum AIC (1181.419),
suggesting an optimal balance between goodness-of-
fit and model simplicity, thereby minimizing the risk of
over-parameterization and enhancing forecasting
robustness.

3.4 Model Estimation and Diagnostics

The residuals of the model were found to be white
noise, meaning that there was no autocorrelation

remaining, confirming that the model accurately
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Residuals from ARIMA(4,2,0)(2,0,0)[12]
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Figure 6 The Number of elderly people in Songkhla Province in 2025.

The Elderly (N)

250000 300000 350000

200000

T T
2017 2019 2021 2023 2025 2021 2029

Year

Figure 7 The Number of elderly people in Songkhla Province from 2025

captured the underlying patterns in the data. The
results are described in Table 4

From Table 4, the results of the formally set and
orthogonal systems for SARIMA(4,2,0X2,0,0),, are
obtained. Technical data are obtained by taking the
difference between 2 values. The stationary data are

softened by the Autoregressive (AR) component, the

10

non-seasonal lag of 4 periods, and the lag of 2 parts

at the lag of 12 periods.

Good-it test (Goodness-of-Fit) found that the AIC
value of 1180.12, the lowest value used to test this,
provided the best performance between that and
simplicity (penalized for complexity). The recency
factor for the deviation (white noise) was 14188. In
forecasting (forecast accuracy), the RMSE value was
114.04, and the MAE value was 87.07, indicating the
average size of the motherboard. The MAPE value was
0.0379. The deviation rate is very low, clearly
indicating that the components can explain and
predict the data to a high degree. An investigation of
the residual diagnostics found an ACF1 value of
-0.02079, and the autocorrected residual at lag 1 was
above zero. For the review, the residual diagnostics
were adjusted to white noise without any structure or
manipulation.
To evaluate the statistical significance of the SARIMA(4,
2, 0)2, 0, 0);, model, the t-test was applied to each
estimated parameter. As shown in Table 4, all
coefficients (AR1 to AR4 and SAR1 to SAR2) yielded
absolute t-values greater than 1.96. These results
demonstrate that both the non-seasonal and
seasonal components are statistically significant,
providing strong evidence for the model's structural
validity. Furthermore, the model demonstrates high
forecasting precision with a MAPE of 3.79% and a near-
zero ACF1 for residuals, indicating that the model has
effectively captured both the non-seasonal trends
and the 12-month seasonal cycles present in the time
series.
For the first time, SARIMA(4,2,0)2,0,0);, was able to
capture the pattrn and relationship of the data over
time in the elderly population and was ready for
formal forecasting. The results of the Residual
Diagnostics examination are shown in Figure 5.

The SARIMA(, 2, 0)(2, 0, 0);, model equation can

be written as the following equation (12). Stationary
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data is defined because d=2 and, S=12 which Z,

are stationary variables, are defined as follows:

Z, = (1_ B)Zyt =Y. - 2y171 VYo (3.1

where y, is the time series data at time t, and

B is the backward shift operator.
The equation in the form of AR operator is the
product equation of Non-Seasonal AR(4) and
Seasonal AR(2) acting on Z, without MA term

because of =0 and Q=0 as follows equation

(1-0.4596B" — 0.3599B%)(L— (—0.4733)B — (—0.5194) B
—(~0.3151)B° — (~0.3249)B*)z=w,,

(3.2)

when W, (White Noise Error Term) with variance
o’ equal to 14188, the total AR coefficient (a,) is
given by polynomial expansion as follows.
28

z, = leaizt_l +W,
z,= (._,0.4733)2‘4 +(-0.5194)z, , +(-0.3151)z, , +(~0.3249)z, ,

+(0.4596)z, ,, +(0.3599)z, ,,

~(0.2175)z, ,, — (0.2387)z, ,, — (0.1448)z, . — (0.1493)z, ,,

~(0.1703)z, ,, —(0.1869)z, ,, —(0.1134)z, ,, —(0.1170)z, ,,
+W,

3.5 Ljung-Box Q Test
The SARIMA(4, 2, 0)2, 0, 0);, model was tested

using the Ljung-Box Q statistic under the following
hypothesis:

H, : The model is suitable

H, : The model is not suitable
The SARIMA(4, 2, 0)2, 0, 0);, model is an appropriate
model for forecasting the number of elderly people
in Songkhla province. The Ljung-Box Q test value is
19.947, and the p-value is 0.1071, which is greater than
the significance level of 0.05, meaning that the model
is appropriate for forecasting data because the
residuals are "White Noise", indicating that there is no
significant relationship. The analysis was conducted in

R using the forecast and tseries packages.

11

4. FORECASTING RESULTS AND DISCUSSION
The time series of elderly people in Songkhla
province can be forecast using the SARIMA(4, 2, 0)(2,
0, 0),, forecasting model for the elderly population
in 2025 can be summarized as follows in Table 5.

From Table 5, the point prediction values show that
the number of elderly people has continuously
increased throughout 2025, starting in January 2025
with 266,791 people and ending in December 2025
with 276,085 people. This confirms the aging society
in which the elderly population will increase
steadily each month. The width of the 95%
confidence interval has expanded significantly
when considering the time period. In January 2025,
the 95% confidence interval was approximately 467
people wide, and in December 2025, the 95%
confidence interval was approximately 5,324
people wide. The expansion of the number of

elderly people is shown in Figure 6

The time series of elderly people in Songkhla
province can be forecast using the SARIMA(4, 2, 0)(2,
0, 0);,. Trends in the increasing number of elderly
people in Songkhla Province from 2025 to 2029.

The forecasting results for the five years from 2025
to 2029 reveal a consistent and statistically

significant  upward trend in  the elderly
demographic. According to the model estimates,
the number of elderly citizens is projected to rise
from 266,791 in January 2025 to 316,940 by
December 2029. Over this 60-month horizon, the
total increase is expected to reach approximately
50,149 individuals, reflecting a steady expansion of
the aging population in the region. This continuous
growth trajectory, as illustrated in Figure 7,
underscores the intensifying demographic shift

toward an aging society in Songkhla province.

For five years, the trend in elderly population
growth for interval planning, health, welfare, and

infrastructure planning for 2028-2029 should use a
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95% confidence interval as the basis for resource
allocation. The model should be reviewed and
updated annually with new actual data to reduce
the width of the long-term confidence interval.
Since the forecast for December 2029 has a 95%
chance that the elderly population will not exceed
359,948.6 people, relevant agencies should prepare
budgets and personnel to cope with this peak level
to avoid service shortages if the elderly population

actually increases.

5. POLICY IMPLICATION

This research provides quantitative evidence that
there is an urgency for provincial and national
agencies  to develop  and implement
comprehensive policies to meet the needs of an
aging society. The findings can serve as an important
tool for strategic planning of healthcare, social
welfare, economic development, and infrastructure
to ensure a good quality of life for the growing
elderly population in Songkhla Province.

Relevant agencies should allocate budgets to
support the development of public infrastructure
for the elderly at the community and local levels.
That is, it is recommended that government
agencies allocate to the

budgets support

management of public spaces sufficient to
accommodate the increasing number of elderly

people in the future.
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ABSTRACT

This study purpose to identify the most suitable forecasting model and compare the forecasting performance of
different methods to determine the best approach for predicting the number of road accidents in Thailand. Additionally, this
study considers the impact of tourism promotion and regional income distribution by categorizing data into two groups,
following the classification of the Tourism Authority of Thailand (TAT): (1) Major Tourist Cities and (2) Secondary Tourist Cities.
The forecasting models were developed using monthly road accident data collected from the Ministry of Transport’s accident
reporting system, managed by the Information and Communication Technology Center, Office of the Permanent Secretary,
Ministry of Transport. The dataset spans from January 2019 to December 2024, Totaling 72 months. This study employs 3
individual forecasting methods based on time series analysis: (1) Exponential Smoothing Method, (2) Time Series Regression
Method, and (3) Box-Jenkins Method. Additionally, 5 combined forecasting methods: (1) Simple Average Method or Equivalent
Weighted method: EW, (2) Regression-Based combination, (3) MAPE-Based combination, (4) Unequivalent Weighted Method:
UNEW, and (5) Weighted Ranking method: WR. The forecasting accuracy of each method was assessed using the Mean Absolute
Percentage Error (MAPE) criterion, with the model yielding the lowest MAPE being selected as the most effective. The findings
indicate that for Major tourist cities, the most efficient forecasting approach was the Unequivalent Weighted Method (UNEW).
While, Secondary tourist cities, the best-performing method was the Regression-Based Combination. The results of this study
are expected to be beneficial for relevant authorities in formulating effective road accident prevention measures and response

strategies to enhance public safety and regional planning.
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Combined forecasting
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fuuuiilaannsnensalnie s vengiauiug (Box-
Jenkins Method) @iia1 MAPE t1ifu 8.597 uaziile
¥n1sUssuLis eI ININeINTAITIN WU
wuuiivssAniamunniian Ao dauuudilaainnis
wensaimeIsnstmimnilumdy (Unequivalent
Weighted method: UNEW) @afian MAPE winffu 7.643
nande BBmamennsanueilnmaueaaidou
‘J’e‘laadLLa3U§UU§QUS$§M%Q’]W‘U@QMSWEJ’]ﬂSﬂj Favhln
AmeINsaITlAdATALLENLNETY

Feagulaan I8nsmensaisaalaenisludnn
il (Unequivalent Weighted method: UNEW)
duisnsmensaifivngaufigadmiunisweinsal
Furumsiing UAnauuvesiiesmoaiisandn
Hosmrlunadwsiidaruusugiganniig
4.2 dauvuniswensaliiuaunisinagUuamgmiauy

Yauiiaaviouiieg 1594

AunlInuggn1a yaveyalidununzauiuisnisusu

Tm3euuuuiand mdsmieisvesiumes il 91nns
A eulvvesayanudvinavesggniaddnvus
W puudaslumusgduvesvoyaid alaandnng
WA BuuUasld deduy 39eTdaisnsulnsey
myaaLauuiﬁyqLasu%yﬁ’wa”asuaﬁuma{l,l,uuqm (Winters’
Multiplicative Exponential Smoothing Method)

Amsurinnsas1esakuunIsnensalaelyluswasy



Journal of Applied Science and Emerging Technology (JASET) Vol. 24, No. 3 [2025]: e263552

uMATDYTEY
W Coefficient

=== Upper Confidence Limit

=== Lower Confidence Limit

13 5 7 9 11131517 19 21 23 25 27 29 31 33 35
Lag Number

JUN 5 n1w ACF vosveyadiuiumsiingufivanisauuveies

! a
NBUNYIDY

QUAmAEIDYTDY

Partial ACF

13 5 7 9 111315 17 19 21 23 25 27 29 31 33 25

Lag Number

§‘1J17i 6 N3 PACF maﬂ%@;&aﬁﬁmumiﬁmqﬁﬁmwwmuwauﬁaa
ﬁaﬂLﬁU?iHﬂ
d15a3U SPSS ieuammAasinisUiuiSeu Fila
A1 @ = 0282,y = 0.001 uaz & = 0.211 9 ntiuth
ﬁw'iuuﬁwﬁl@?lﬂﬁwmimmizﬁwaaﬂy@nﬂa a; waz
andiuwualun b, tnelalusunsu Minitab 18 iieth

A taannisUseulanalululunismauniswensu

Lansad

v, = (10546+ 4.069(m))SI_p o

il §=1341 §-0853 §=00921
54: 1.580 SS= 0.839 56: 0.768
§=0874 §=0771 §=0810
S =0865 § =0827 § =1503

10 11 12

P A8 9uUgANIA

2) ?%‘mﬁmeﬁﬂﬁamamﬁywaqﬂimam (Time
Series Regression Method)
WINTNAADOUANNA FIULH BN 1T UIH AU
Saszanasnanedaulsnunioly laslyandila
91nn1sUsTdanaveslysunsuduiagy PSS lag
MNHaNIsNAEaU Ll afa1sanAn Sie. dA1Ue8NI1

0.001 (sig.< 0.001) FafiA1uoENI1 0=0.05 FaUfias

11

aunfgnundn (Ho) nande dfuusdaszossuos 1
7 damanefulsanufisyauiiuddey a=0.05

diovinsiinsgnduussans nsoanesainnis
ﬂ”fﬂLﬁ@ﬂé’hLLUUEU@JGJ@Haai”mauﬂmﬁmqﬁ’atwmwauu
voudlomoniirses Fudefinnsanan Sig. famosna
0.001 (sig.< 0.001) §iiA1upEnI1 @=0.05 FeUfias
auufgundn (Ho) namfe ox0 (Aasiifianlamiy
0) uaz B # 0 uAAIINTOYABYNIHIATD TN TN
seautudAgy 0.05

ety aunsilelunisweinsasiuauniaia
gtfmmesdlomoniisrsedlaglyisnslinszinis

OANBYAIYBUNTNLIAN Gh)

?r = 1357.225+2.4161 — 183.024S
—623.040S,) — 554.45652 + 64.928S4
- 639.28855 - 701.70456 - 593.5205’7
- 695.936.‘58 - 659.75259 -6 12.768510
—643.984S +&
. 11 t
Taen

. +
¢ qbl%r—l er

Y fg PuiunsiingUimvnuediismeniiedses

i
r
¢t Ao e @afudia a Fudl 1 unsaw 2567)
3) 5Ueng-tauiud (Box-Jenkins Method)
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fuay 1,028 986.72 967.83 867.16 940.57 806.66 939.01 905.44 940.57

LWIgUY 1,627 1,679.88 1,586.44 1,521.30 1,595.87 1,415.15 1,594.24 1,566.37 1,595.87
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2567 nINIAY 716 922.79 93393 896.06 917.59 833.54 917.15 905.90 917.59
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n.a. a.a. n.g. .0, w.e. 5.0.
833.54 74778 751.82 777.65 729.73 1,237.74
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ABSTRACT

This research aims to develop an Artificial Intelligence (Al) system for detecting and analyzing badminton
shuttlecock positions to enhance the efficiency of game planning and training (Scouting). The researchers developed an
object detection model based on the YOLOV8 architecture and conducted comparative performance tests under various
conditions. The results indicated that the model trained with a dataset of 9,800 images for 300 epochs yielded the highest
performance, achieving a Precision of 95%, a Recall of 92%, and a minimum Validation Loss of 2.07. When integrated into a
web application and tested by experts and sports science students, the system demonstrated the ability to accurately
identify shuttlecock landing positions, classify court zones, and display statistical results. Overall user satisfaction was rated
at a good level, particularly regarding its utility for learning and the convenience of data utilization. However, limitations

regarding processing speed and tracking stability in certain scenarios remain.
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naaau TUauinsUszlunansinureILuudiaed

wIdelainseuwAndananiunyssgnalyduwumia

dnluNI3PINIULLAL UL TYIARDIwR LT Toi]
diglunszurunissiidunuienuduszoy fanw
undeite uazaunsaIeuisunadwsiuauided
Aeavaslaveamnzay
3.1 NINTINYVDITZUY
sruuitimundulszneunienszuiunmsman 5 a
laun 1) nsafeuuassanisyavosa (Data
Preparation) 2) N1SWAUILALNITNAADILUUTIADY
(Model Development & Experiment) 3) n15Usgiiu
UsgandarwBanaia (Technical Evaluation) 4) N1
AATIENAIUNUINTANLAE WA UL UNALATY
(Implementation) waz 5) ﬂ’]‘iﬂi%LﬁUNaI@EJE;L%EJ’J‘U'IEQ
LLawﬂﬁ‘gﬂm (Assessment) ﬁﬁgﬂﬁ 1
TuduneunisUszutana Idlon suaetuiyly
éJUIMaﬂLﬁ]}W@;i%UU%SQﬂLLEJﬂEJEJﬂLﬂuﬁ’Wﬁ’U‘UENLWﬁmWW
mﬁﬂguLLUUa"waaqmaﬁufmq%ﬁmﬁ’]ﬁiaqﬁwLmﬁq
vosgnuuniiuiuluunasisy nadwsiehumiilaay
gnihlvienenilessyanduanvosninadeudluun
agdon newhnssuunsunuanismnuesgnesntdy
Toums q neluaumuuadudu il vouailaszgn
a"umwﬁiﬁaaﬂugﬂsuawyagaL%qaﬁﬁuamyaa@Lﬁ'ﬁa
nagns deannsnllvnulniadeatuayunis
Anengliuumsiauuazmsdnduladsnagys
3.2 munsguyavaya
yavoyaitlslunisinaeunazysufiulssansam
yosnuuiiaoduruidedusznoumeamilsdiuan
9,800 7w Fsatmu1anIalonisuvaduuuniuiuaie
Lﬁaiﬁazmyaua"ﬂwmsmﬁl,ﬂﬁ"aulmsuaqa“ﬂLLumﬁueﬁ’u
AelPan1IEN15938 NMIIMUARLNTEUINNSAAY
0ya (Annotation) Tngsvysuvisvasgnuunfiuguly
LLm'azLW*iﬂuzULLUUﬂi@UﬁLM?EJm (Bounding Box)
d1113u9uns19duing wiolvnisdnaeuuarnis
Ussiliunadiandussuvuazanunsavheila gaveya
gnuuseaniu 3 aau laun gaflnaeu (Training Set)
YANTI1ADUAINYNNA B (Validation Set) LAz
viadey (Test Set) MUARAIL 70:20:10 YoeF1LIUAM

719%U0 LAglseaviden A9l
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s:e:A 1 MsIo3ouua: sz0:A 2 MsWeuuua: s:e:A 3 MsuUs:Lou
damsyadaya Msnaasvuuuiany Uszansmwigoinada
(Data Preparation) (Model Development & (Technical Evaluation)
Experiment)
sousoudoya tdon d@85annuiugh
aﬁnn_wido;_nnsdlams m?mnfn_vm Audcud Precision,
ugoduvsvIIou (tuas>odusaguina Recall ua: loU
9,800 mw 1anua:tndauntss) (Threshold 05)
mrudoya oonuUUUMSNaaoY
(Annotation) (4 Model Scenarios) m_ 5
s:ychuHuvgnuUabudu + Model18& 2: [50oya 51As1:HF1 MAP@OS5
@28 Bounding Box 4,800 mw (1figu 150 ua: mAP@0.5:0.95 1wo
Vs 200 Epochs) ruuuHaovniades
1 + Model 3 & 4: {GUaya nga
9,800 mw (1fisu
udvgadoya 250 vs 300 Epochs) 1
(Data Splitting)
+ Training Set (70%) l
6,860 mw msUs:
« Validation Set (20%) msdoslowos (Final Evaluation)
1,960 mw g th Model fidiigaun
* TestSet (10%) fHuarAYA (AdamW, naaaunu Test Set Lwo
980 mw (Uavriu Cosine LR, Data 24 ;W\“l:-'m."'ﬁlgn.
Bete Lsuines oo Augmentation) (i e‘iut;::ml:;l&sntl:;s
uenMUIHEVTL AUEASSSLIUMS ifaladision)
5810) s Forunudoyalku

s:g:A 4 MSLASEH
chusudomMsanua:weuun
(GG
(Implementation)

Audruwnagamernau
2
JnHIwMWsU/WJasu
AAnY

!

msuvvlsuaunu
Jwunchuruvaviu 6
Tsu (FL, FR, ML, MR, RL,
RR) uass:yanus
(Good/Bad)

!

msWaus:uu
(Web Application)
« Backend: Flask
(Python) Us:udawa

—y

uuuaow

+ Frontend:
HTML/CSS/JS
uaavwaua:avaan
Joyaldulwa Excel

s::A 5 msUs:iuwa
loodiBedvIgua:
WIB U (Assessment)

msusaduivdasde
(Subjective
Evaluation)
« JBeovnd (3
ru) asavasu
AUgNdavdu ML
ua:Snenmaasms
aw
+ HIB0UDEY (20 AU)
anANUIENY AW
Ussiiunuwowato
Gw Likert Scale
(Aaidanuuu
Purposive Sampling)

!

msusaduidosan3de
(Objective
Evaluation)
Wisuifisuwawna/lsui
szuufudnld Au A
57080950 (Ground
Truth) WarhudeuAL
udughsasa: (Accuracy)

sUR 1 nsEUILNSHRILNSEUY

o Training Set: §1U2Y 6,860 A1 (Seay 70) v
dmfumaiisusiarnisUiuathminuesuuudiaes

 Validation Set: $1uu 1,960 7w (5082 20) 1y
dmFumsUssiuusyavsamsznienisiinaeu saud
AsAnnuuualuneean oss wazfaEinnng 9 e
vandesdamniaFeuzinniuly (Overfitting)

e Test Set: $1uu 980 n1w (508 10) ludmiy
ﬂ’]i‘di%Lﬁuﬂi%ﬁwﬁﬂﬂw%uqmwy’mﬂaﬂLL‘U‘U%TW@@Q?T‘U
voyaiiluiasynnglunsindeuinneu

mIwtsgaveyafinalasunisoanuuulnnazyn
finunannvanevosaIn Lunaes wazaniwkadly
doauillnaiiseiu ielnnsussifiunaanansoasney
aruanansalumsinuilusesuuudaeslaogis
wangay uenand iedestutyuiveyadalua
59 3YAT0Ya (Data Leakage) nwdiadnuainidle
enfuazgnanlvegnislugaveyaifisatumidu ae
lufinnsnszanomsuanialederiulleglunaisys
191A WUIMNAINANYILAAEARTDIALARIINAT L
AANEARIRITEYATEVIATinADULATIIMAGRY Feay
aswalnnisUsyifiulszansnmvesnuusiassdianiu
auTsuarudeionndsty

nsTamSounveyaludnusazdinga o

TnUszasaLiioatuayuninasuluuIaem Iy

o A

nondANUETYT LarTeITUNMTIATIENAIUNUINTT
ANYBIRNIUANUALBENHUTEANTA N
3.3 UUUT1809ATIVIVING

YY) a

mui‘ﬁaﬂfﬁaﬂiﬂlmufa"']aaqmim’mammqmﬁniu
n5¢NA YOLO (You Only Look Once) Faflgaaunu
anuSslumsuszinanauazenuvnzaunonislony
wuusealny wuudrassienaalasunisdmden
iosanduszansamlunisnsanduinguuiadnd
Lﬂé‘lauﬁvﬁvmmmﬁqqq u anuuniiufy Fadonnaes
fugnuavesdymienuilumidded
1) wanmsviuuaranItnenssuyed YOLO

YOLO findnn15¥191ufuana991nuuusiaes
ms’s%”ui’mqwuaaﬁy’umu (Two-stage detectors)
¥ R-CNN danserfanszuiunisasisiuiiauls
(Region proposals) newusinn1ssuuning danalaly
nanlumsUszananagena Tumanssiugiy YOLO Ty
LuaAnnsUsTLanan LIS LR (Single-pass
detection) TngfinnsannImieamnsenfuLaz kUL
penidunssvua S x S wngatanatsvesinganoy
meluedla vesfinamariuiinveulunsvhuenseu
ayaufi’mq (Bounding Box) kagA1AIuuIazLTuves
Aand (Class Probability) éﬂma%;mu’ﬁmmaﬁui'mqlmy

U195 Az TUSEANS AN
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3UN 2 fewnsynveya (Dataset)

S:UUASIVUCUHUYMISONUDY
anuuaiudu

ngan upload AAUSEID  0716.mp4

S:UUASIIIUCUHLDAISONUDY
anuuabudu

nsan upload AAU3GID  0716.mp4

Mavasovdu [Usasa.

S:UUASIVFUMIUHLIVMSONUDY
anuuaibudu

n§an uplosd nEUSGTD | O7IBmps

(@)
a ¥ o & a o
E‘UVI 3 NUIIDNFYINNUVRIIULDUNGLATY

INAITNUMUNAIUINITVEIEITRENTIU YOLO

Tne Jiang et al. (2022) wu Taseastawes YOLO Tu

1Y

westudagduaiuisaeduisladu 3 arundn dad

o

ununaAynaUsEanENNluNINTIaTUINg Al

1.1) Backbone: WU A A AL AN YUY LAY
(Feature Extraction) 9anamauatu Tngluiesdulm
9949 YOLO sinlalaseasneafidusednsamaiunis
fuaal 1 CSPDarknet 3o EfficientRep iewean
AszN1TUTENIANS suzumﬁmﬁ’ué’nmmm%’ﬂm%aﬂa
Bdassansiddyresnnlalaesannzay

1.2) Neck: v‘iwmﬂ’lﬁi’mLLaxdwwamﬂmé’ﬂwmmm
waneszauAuAnedlaTIng (Feature Aggregation)
Tnelowade wy Path Aggregation Network (PANet)

WOKNATUYBLATIAINNALLE AL TINUTLANANAY

'
o

mmsdananveiinauausalunsnsadungi
fvunausnaatunelunmifien

1.3) Head: ﬁﬂwijﬁﬁﬁ’]mawaé’wéqmﬁw‘uaqmi
n3793u laun sumuseansau (Localization) wagn1s
FuunUszianvesing (Classification) duifunadns
pdndiullelunszuiunisTiesizvisunuagn
WUASIUALYR IR
2) n5UszendliniTnsiaduinguuiaidnuasnis
1ndouiiiS

gnuusiiusudeduinguuinidn (Small Object) 7
danunmisgslunisnsrasuainialenisuredy
MUYV Vijayakumar & Vairavasundaram (2024)
s¥2 YOLO Tutiesduanan 1wu YOLOVS lasunis
WWUWL‘17‘\IIE)LLf;IVL‘U‘ngIEJ"S’lﬁ/WUENi;uﬁE]uMJW lnpdinsusuls
Tassassvasuuusiaediniussansamundstu eni
mslaluga Cof Tuaau backbone LoifiuArasg
Tunsafinanidnuaisfitusou uasnmsUssgnalauuaia
WU anchor-free Feapanauduteulunisduin
wagiiuAuEalun150uNY (inference) ¥l
wnzaunemingaduiagluiilenuuFeala

uonanil msdsndiudsAvinmvssuuudiaosa
am”am”’;%fi’mmmgm laun A1 Intersection over

Union (loU) ag Mean Average Precision (mAP) 7

o A

T inAUaDnARDITENININTBUABN IR ILUUTIADY

q

v
1Y v

Wurelasuduaianufuais ddindinaiid
AR 88198 UUTUNTOINITLITURWY FelniAn
n1509wouva1ing (Occlusion) karn1siudsuilas

ﬁﬂ']WLLQ@ﬁ@iJ@EJ'Ni’JV‘IL%’J
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AN997 1 UAAITI8AZIBYATRILUUTIABINT 4 YA

Model #lmages (Train) Epochs Objective

Model 1 4,800 150 TyiJunsaigiu (baseline) WaAnwUszanSamvesuuudiasinigle
USinaweyadiinuaziunuseuntsinaeusuny

Model 2 4,800 200 WindwuseunsilnaesuiiieAnwinaveanisisousidlniuinduaiele
YSnamayamILal

Model 3 9,800 250 WinUIuuveyadnaouie ANYIHAY0IANUNAINNAIEVDIVDYAND
UszAn5NMN15RTI9IU

Model 4 9,800 300 WuduuseunsilnaeuuuynveyarualugisAumLuuaein

Lafysgaan

4

3) UszansnmmlunisasiadusvuiSealna

Hussain (2023) 1At S8 uiie um uIn15v8
aa1Jmenssu YOLO Aaumiesdud 1 funestui 8
wunuuIlLMsIEUIYes YOLO iJ;ﬂL‘LZI‘LJﬂ’}i%JﬂHWﬁMQa
semeanusilunsussiananarauwiuglunis
%5799V (Speed-Accuracy Trade-off) Weseauns
ihlulsnuaisugunsaifiiininennssiita lu gunsal
Ua1em19 (Edge devices) e YOLO wosdulnusad
n15UFuUTesndunisanyide (Loss Function) uay
ﬂigqﬂﬁﬂjﬂmwﬁﬂmuﬁm{aga (Data Augmentation)
WU Mosaic b aLNAIIUNUNIUVBILUUTIABIA D
AONIRAENTINAINTANY WU AINLMAINMANETBINN

HUNABDY UAZANTINLLEN

o v
v @ =

Fadu nrsidenly YOLO Tusuiseddadaa
aafﬂﬂélaqr‘w”ummﬁamﬁmaaizuuimmzﬁ&i’muﬁaqﬂ
wupfiudu damesendeiiuanansnlunsUszanana
LL‘U‘ULWiiJG{EJLWiiJg’JEJéJmﬁLWSSJQQ (High FPS) uazadu
wiuglunsanaduinguunadniiedeuiiss ey
anunsathiifasumusiilalulalunmssunstumusgn
anlutupoudnlllaessiszavsam
4) M1308NUVUNITYARBIUALNITHIAULYTIADY

Lﬁaﬁﬂmmamaw%mmﬁagaﬁﬂaauLLazﬁﬂmmaU
n1silnaeu (epochs) neUszansamlunisasiadugn
wuadudu muidsillnsenuuunismaaeslasaing
LUUT1A8997UIU 4 4a (Model 1-4) Faupnanaiu
WS mlnaeunas$IuIl epochs aued
fnuaansinaeudu q Inasivanua welnnis
Wisuifibunadwsiiaugfsssunarannsnasunala
ogaiduszuy TneswasiBenueansmiauuudians
uwAazn TaNfsuunmdnao UL ILIUTEUNIS

Hnaau wanalanannsan 1

WaauaANdLUskazanendlun1siueueuna

FIMNUAAINISITRBINSHNFDU

o

NINARDI UV
Tnmiloutuluynuuudiaes TneflswasBendsil

e Input size: imgsz = 940 \fie¥nwswaziBen
YOIINgUUIAEN

e Batch size: batch = 16 tleAnafiosves
nIvUILNISITEUg

e Optimizer: AdamW Lﬁ@ami‘fﬁgmﬂ’liﬁﬂugmm
\AulU (Overfitting) wazifiuauadosvosnns
Hdnaou

e |Initial learning rate: lr0 = 0.0005 Lﬁ@iﬁmi
Usuemhminiduluesnsnesidumesld

e |earning rate schedule: Cosine learning rate
(cos_lr = True) LﬁamszjL%ﬁgimﬁmmzauaén
U3

e Mixed precision: amp = True \ivanszezaa
Tumsilnaeunazlaminennsnisiuanesnsd
Usgdndnm

e Pretrained weights: pretrained = True e
L'%'mr;ua]'1ﬂmﬂfmﬁfﬂﬁ'sﬁum‘u‘%auﬁ’;iﬂmﬂ'au

e Checkpoint: save_period = 20 wietuiin
LL‘U‘UfSﬂamLﬁuisstLLasammuLLuﬂﬁmmiGaug

UBNANT LBLLAUNUNIUTDILUUTIADIAD

ANUNUBUSUBIIALDNITLUITUDTI LU N15LDUIVBS

v |
o

Ay NISAU LLazmimﬁauLLUammm Tarnun
Lﬂnﬂﬁﬂﬂmﬁmjyaga (Data Augmentation) ’Lﬁmﬁauﬁu
lunnuuuinaes Taun

e Degrees = 0.5 (N394 UNN)

o Translate = 0.05 (MFLdeURWILI +5%)

e Scale = 0.3 (MIUTUVUIN +30%)

e Shear = 0.5 (M5L28UNMN)
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e Perspective = 0.0002 (msm?iauaguuaa)

ﬂ’]iﬂ?UﬂMW’]i’]ﬁLW@iLﬁ%L‘V]ﬂﬁﬂﬂ?iLﬁﬁJ%ﬁJyjaiﬂ;
witoutulunnmsvaassagtglnannsoasulaoeis
FALIUI AILLANAIVDIHATHS LA LARDINUSHI
voyadnaouiazdusounsinaeudundn dluna
91nJaTIUNSNY O UDY 9 awalvnisiseuiiey
Usavsmnueauuusrassiimiuunidedennd iy
3.4 MsUTUIUUTZANENINVDUYUTIADY

1) m“aﬁﬁyi’mﬁugmiumiﬂizLﬁummqﬂmyawaﬂ
AUl UUS1a89vinuIeAaa Intersection over
Union (IoU) §9AMu20191n8R5189USEMIN9RUTT
oustuiu (Area of overlap) vo3nsouaoNiAnd
LUUSIa09viNune fUNSaUBI1989a3e (Ground truth)
ﬁaﬁuﬁi’smaqmauﬁﬂaaa (Area of Union)Imem'w loU
fA158%119 0 A9 1 Feluauddedivuaainue
117551 (Threshold) 0.5 na1afe mnA1 loU A1
1nAuIewAY 0.5 9siiensnsrasutudunis
n319duTignaes (True Positive)

2) 1A LN e (Precision) ¥run ey s LTy
ANINYBINANITYINUEY Tnefiansandadiuremadns

Mwvudasssyyrndugnuuefiuduisun dadunis

U

v
o o

nTadungnaesats Miiadiianuddgyeyddduns

'
=

ARNANTZTNUINNA Y UIUSUNIU (Noise) tH8991n

L)

=

am‘wanfg@ﬂunTﬁLLﬂﬂ“ﬁ’umeﬁuﬁuawﬁfﬁlqmaLLaq
awyauﬁ"ﬁa”ﬂwmziﬂaylﬁmﬂvuaMﬂmeﬁum"’u nIn
wuud1aesdian Precision i avaskalmAnNInTIRY
Aamann (False Positive) Uasnda uazanamuundode
vowayafithlullunmsiinsesiumsgnan

3) ANsi3eniu (Recall) luuszifiuanuamsp
Guaal,wuai"]aaﬂumsm’m%’ui’mqiéjﬁj&J'Nﬂsmyau lng
9150171 T IugauUafiuFuiusngaitlunn
wlsunn wuusiassannsansandulaAnidudaann
wle d1nsueuised an Recall fowdudadudrny
LﬂaamﬂqﬂLLumﬁuﬁuﬁmsmﬁauﬁﬁaammﬁaqmaz
fafan1niuasaInnsiadeudl (Motion blur) #nAn
Recall #1197 UsdAsn 59N MALY83N1505195U (Missed
Detection) Svaswalvvayaidunianisiadeudivesgn
YIAAUADITBILAZNTENUADAILLLUEIYDINTT

AATIENFUNLIGNAN

4) AadsAnunuug) (Mean Average Precision -
MAP) Lﬁaaswyauﬂ’lwmwawﬁsﬁwﬁmwﬁamﬁ
5YUI19AIUUN UL (Precision) LLazmwmuayau
(Recall) 91558 1o o1l Mean Average Precision
(MAP) FeA1uaanAUATAN SN A EURUETEMIN
Precision wkag Recall (P-R Curve) (Lippi et al., 2021)
Taeansanlu 2 szu Taun

4.1) mAP@0.5: 1un1sUseiliuseansaines
LuUSaesiiALnae loU 0.5 sasnounnuaunsoly
ﬂ’lii%Uﬂ@oﬂLLMuIQLLaBR]O’ILLuﬂ’JUG] qimyqﬂmyaaiuismyu
INTFIU

4.2) mAP@0.5:0.95: 10unsusuiliuuseansnw
Tusedufiunanuniy Inefuianeasses mAP 1
A7 loU faua 0.5 &1 0.95 (iuduftay 0.05) §d¥nil
agvoudsnunuusFwiuvuIenseuasuing
(Bounding Box Tightness) JdA1unsyTuLay
aamﬂéymﬁ’uﬁ’]meﬁwaqqﬂLLumﬁuﬁummﬁaﬂm

NFTTAfIna nsUssdiudsEansnmues
wuudraesluruiseidaiuisaesuieainuduius
SYMINANLLIUE LAY AINUASUILTBINTSATITU LA
snaduszuy %ammaaajﬂugﬂLmuaumsmmgm

AuLLIMaTauelng Malta et al. (2021) aelUil

Precision — TP
recision = ———p (2.1)
TP
Recall = TP+ FN (2.2)

1 N
i=1

N1575993UTRaAYN #o9 (True Positive: TP)
mnefensdifuvuassannsnssyingimusle
089 NADIATUA LML LA T UTELAN Turnefing
n52193UAANATR (False Positive: FP) nanefiansali
me"mmﬁwm&Jmiﬁag%aqi’mqﬂmmaﬁgﬁiﬁﬂimg
95 wIosryinaidnUseian @run1snsadunnvay
(False Negative: FN) wunedanseiiwuuTiasly
au1sans9utnanueiusingegaila

35019 loU 92AUIUINNEAFIUYDINUN NI UL UN U
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ismwﬂsaugauimq‘ﬁ"mei’waawﬁmaﬁmiaué”waq
93¢ mefufiTvesnseUaes Tl AnugnABIes
nMsnTduazgnRiansananmaIeuiisua lou 1
InfuAnam (Threshold) fitwusla Tngvnen lou &
AN Eewnuinamdina mimmﬁlﬁuﬁu%gﬂ

Jandunisnsiaduiignaes

3.5 MIUATIIAWNUINISANYBIGNUUATUAU
MﬁqmﬂswummimzqﬁﬂLmﬁaﬂuaqqmmmﬁuﬁﬂu

uwnazsulowas assunsinseiadunsIae LT

suadqﬂLﬁaizqqmﬁyuqmamm'awﬁam Tnofvunly

AUNUIEANIEAnTIINUNBUNGNAENIE LU NI TH

=

vﬁaﬂauﬁ%LﬁmmnﬂﬁauuﬂmgﬂLLUUﬂWiLﬂﬁauﬁaéﬂn
fifedndny uhumusiignuuadudunnnssnufiuaun
FBnrsdananamslvaiusaUszanasurusgnania
ot sARRAREIUNGANTsLMAALTR LA U RN Tk

deatuayunsinTemdaiud aunLUaiudugn
wwsoonidulsunisiaumuuuidnuazuuinaie laun
fufivun nans waznda lnsusnoonidunugisuas
prur sausionun 6 leu laun Front Left (FL),
Front Right (FR), Middle Left (ML), Middle Right
(MR), Rear Left (RL) ta@ Rear Right (RR) m"%mu‘ﬂqﬂ
mﬂﬁmsafuWU%Qﬂﬁﬂﬂi’fu@ﬁdﬁmﬁaamg@aﬁu nifu
Fadwunuadwsvasunazdenaanidugn “la” (Good)

a

%30 “1dy” (Bad) WNBALNOUNATNELTINAYNTUAY

USLANTAINUDINTTA bULAAZ T IMY

3.6 NISHAUNTUUBUNWAIATY
Wielvuuusrassitiannauansadlulsnulaese
nuideilawmuSuteundinduduiunisinsien
G’hmemimﬂmaqqmwmﬁuéfu lngszuugnesnuuuly
Snwaan tnenssuLuULEnaIu (Client-Server
Architecture) Usgnaunigassaiumndn lawn aaumun
V1Y (Frontend) wavaumndauny (Backend)
Tuauvunug lwnnw HTML, CSS way JavaScript
ﬁm%*umiaaﬂLLUUéauama;ﬁ%mazmﬂﬁmauﬁmwu
Aundaunuiauae Flask dadululasmsuidsnves
A1 Python VT’]MJ’]‘I?IIQQUQNﬂi%‘U?Uﬂﬁ‘Ui%iﬂﬁNﬁ
waziSonlvsunuusians YOLO finunisinaeuuan

Insuuuiasazgninanainlnaidaiulivudsiies

10

ilermnUszananaifleluunas sy wazamadns
ndulussenufnnogly
ylvamrsasUinanlnaidlonisuvstulusuuuy
.mp& NuuLiY sruvassudunsUstananainle
Tnednluifi wsonuansaaurATmAUIILUUEEA YL
dlonsussananatadeauysal sruvarasaadwsly
sduuuly 8 Microsoft Excel ﬁaﬂﬁzﬂaumywmyaga
funusgnanluunazley sudsadflugiuuusesay
va3gn “la” uazgn “ide” veyadinamannsniluly
atfuayunsliaszosunsiay nsusziugaud-
BBU UALMIINUNLNAENSMSUTsTure ey

E&ﬁﬂﬁ@ﬂlﬂ@ﬂﬂﬁjugﬂﬁiiﬂ

3.7 msuszdulnedifoarguasgldam

Uuf U‘i%ﬂEJUGT’JEJB;Vl‘NﬂﬂQGﬁ‘\T’m’JH 3 MU Fadl
Aadergigaun1sfougueunios (Machine
Learning) LA 3N mARTN1SANN :LiQLJUMiﬁQ’ﬁEuW
ATINGNADIVOINARHG AT FAIYDINTEUIUNTS
Anzat wazdnenmvesszuvlunisildlreuase
vty ldnisusydiuaufianelavesylyay
231 Tnemuanauiies wnae SN sidenuuuiagas
(Purposive Sampling) nUsznnsiiiiudn@nwanen
Inegneansmsivn ulil 3 S 45 au uazdaidon
QUi 1991uIY 20 AU Faduruiaiazauni
Mé’ﬂmﬁmméuﬁwaﬁayja (Data Saturation) 5z
nauiae819lurIe 15-20 Au awwrsaluvoyad
ASOUARUUAZAYNBUAYIIVAINIAIBVDINGANTTUANS
Tyauaielnoafivsne Tnsanigluuiunveanis
BruswarmTiATEINeIINISIAY i n1sUszliuia
aosausuiumslnglauuuaouniumnaaulszan
A1 5 5U (Likert Scale) laun mﬂﬁqm 110 Yrunans
uey Wartaniian AseuAqUUTHAUAIUALIANE AL
ANLNUE wazANaINisalunisinszuuly

Uszennlyanuase
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71590 2 NMsLUTsuiilsulsEavEnmvesuuuinaen i TngdunmuTuIngaYeyaLAE IILIUTEUNSIS U]

wuudnaeg ﬁﬂ‘ﬁ'aga Images Epochs Val/Loss Precision Recall mAP@50 mAP@50-95
Model 1 Validation 4,800 150 2.17 0.88 0.70 0.85 0.30
Model 2 Validation 4,800 200 2.20 0.92 0.88 091 0.34
Model 3 Validation 9,800 250 2.16 0.93 0.89 091 0.35
Model 4 Validation 9,800 300 2.07 0.95 0.92 0.92 0.45
Model 4 Test Set 980 300 - 091 0.89 0.90 0.41
Azl 3 aﬁﬂ{auvaamwm (Raw Data Summary)
Side FL-G FL-B FR-G FR-B ML-G ML-B MR-G MR-B RL-G RL-B RR-G RR-B
A 0 0 0 0 0 0 0 0 0 3 2 0
B 0 0 0 0 0 0 0 0 3 0 0 2
a9t 4 agUadiflou (Zone Statistics)
Zone gazden Fuugn Sovas
FL w47 (Front Left) 0 00
FR #1u1-271 (Front Right) 0 0.0
ML nan-1e (Mid Left 0 00
MR n818-211 (Mid Right) 0 0.0
RL &8 (Rear Left) 6 60.0
RR 783-971 (Rear Right) 4 40.0
s Havain 10 100.0

A131971 5 Hansusziiiuauusugluns Ty uenIInuaran g e IgnIUAiug (Objective Evaluation)

Tau

WAIINTTUU (gn)

dayaaiean

v
W98y (an)
A Y@

et

o

seygneias (Correct)

AMumaiuen (Accuracy %)

RL (&3-18)

6 6 6 100%
RR (#189-431) 4 4 3 75%
374 10 10 9 90%
a15747 6 szﬁummﬁﬂwa‘lwmsﬁ%ﬂméaizuumiwﬁuqmmmﬁuﬁu
TenUsEU Aade drudsaiuunnsgiu szauaMuRela
1. UslowumensiFouguaynisussgnalainealulad 433 047 7
2. narlanevestusounssuvanimouasauadng 4.00 0.00 7
3. mmidalumsusvananainlouasiansua 3.33 0.47 Yunan
4. mwLL;Jusjw‘Iuﬂﬁmswﬁuquasmﬁgmmn 3.33 0.47 Yunans
5. ATArMNLUNMTLARHANTIATIEN (91 Tgugnan, AzULL) 4.33 0.47 7
6. msdaaaﬂ%@gagﬁﬂwé Excel ﬁmulagﬂ@”amaxa:mﬂ 4.33 0.47 7
7. msﬁwﬂumaxéﬂaawﬂaya (Import/Export) Wnlmegnasuiy 4.00 0.00 f
8. mmamﬁmaaiwﬂumﬁLﬂswﬁqnuazLLmMu 3.33 0.47 Yunans
ARAElaLT 3.87 0.35 7

4. Nadws
4.1

HanNITUSIUTIgULaSANADNILUUTIAY

AINNITNAADINNADULUUIIADINTIATU

ANUUATUAUTIUIU 4 WU TININUAAINITIALNDT

1) Wie5euLieu Model 1 wag Model 2

Felyyaveyavuin 4,800 ANNIAY WUIINITIRY

11

n1sdnaeou (Hyperparameters) Tnindounu un

wanaefulua uvuInYAveYa LagIIuIuTey

AsinasuraniIsiUSeuiisulsednsaan wandla

MIR15799 2 wazaunsaasuusznudAg lafad

1) 91U UTDUNITRNEBUIN 150 Wy 200 sOU

A9HalnUsEENTAINUBILUUIIaD AN TUD Y9I
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ed1dey Tnataniza Recall Aiutuansosas 70
\Juseuas 88 uavA1 mAP@0.5 TiinTuansesay 85
\usewar 91 wadwssananazneulniuiuuusas
fmmaL%'augé’ﬂwmmaai’mqlﬁuﬂiauﬂqmnﬂsfu wazan
§n3In199 5995 URNra (Missed Detection) Tnogna
Fnuilelniuszernanluniadousiivnzan

2) lu Model 3 Fufinvuragnvayaitu 9,800
A wazinaoudusiuau 250 seu wandlmiiiuaan
Precision induidusesas 93 wavm Recall i
iyaaas 89 EJ‘&J"NVLiﬁWm Lﬁaﬁaﬁm’lﬂ"lmws,JLLu'ush
Tne52a (Accuracy) Wuanasdnuesmdesesas 73
dlowisuiu Model 2 Wiflansesay 74 smzifeaty
A1 MAP®0.5-0.95 F9d¥NoUAILTEINTIVEINTOU
aouin o (Bounding Box Tightness) LT U LT 9
dnuesidusosay 35 HASWSHINA1I19LANINAY
wmﬂwmaﬂuawyasﬂaﬁt,ﬁwfu vilvuuusiansnedly
f\i’wmuiaumiﬁﬂaaumﬂ%(ul,ﬁaﬂ%’uéhuasLsdywajamw
GARK

3) Model 4 %ﬂiﬁ?ﬂgm%@:ﬂawm 9,800 AW
Model 3 uaiinsuausaunisidnaeuidu 300 sou
wansmifudsUszAnsaingegalunniadda Tnsien
AnuAaIalAdeY (Validation loss) amaaﬁwﬁqmﬁ 2.07
uazdian Precision geflssosay 95 A Recall oAy 92
52EeAn MAP@0.5-0.95 Mifisfusensimuiusovay
45 nadwsiinanazneuuuusiassliifiosduise
mn%’ugﬂl,wﬂﬁuﬁulhyaéwLLM&T’]LLaszﬁyauwhﬁu’u
undsannsnsr LN souaning (Bounding
Box) laeenenszd LLaxaamﬂaymﬁ’uﬁwLmﬁaﬁqmmﬁqm
wonani miﬁmimLLuﬂﬁmm'ﬁﬁwgﬂm Model 4
wunaUsEansnmisuasfinazludsuulasesnsd
ﬁfaéﬂﬁmLﬁaLﬁmﬁmuiaumiﬂﬂaaumﬂﬂiwﬁ Faued
Muuvaedlalngaadudesninieug (Leaming
saturation point) ﬁmezauLLayu GTQEJLW]ﬁ U
\den Model 4 1funuusiassunandusunisunly
Wannuazlvlussuuduseundiadu

4) dlethuuusiassinanuiUssiulssansnm
%uzjmﬁmﬁ’um%ayjamaau (Test Set) %éuﬂuﬁﬂlaaﬂaﬁhj
Lﬂ&JUiﬂﬂgiumiﬁﬂaaumﬁau WU21A1 MAP@50 3R

oglusyiugafl 0.90 UagA mAP@50-95 agil 0.41 A

12

ﬁﬂisﬁw%ﬂwwuuﬁqmjyaziammaauﬁmmaammﬁyaﬂLLas
Tnawdeafugnueyansiadey @aumafisssosay 2)
Jundesudinuuusiassiinnuannsalunisilivle
sl (Generalization) Taidueenad luia ey
n13iFeuguInAuly (Overfitting) wagdauLuue
weosneiiarinldlounnundnlussuuiiasien
GﬁLmﬁamimﬂsuaqqﬂLLumﬁuﬁumui’mqﬂismﬁﬁum
NI
4.2 wan SRIUAVLDUNAIATY

TPUUNTIITULAL TATIENAIUUINNTANTBIGN
wuadiudugnitauluguuuuiuueundinduilyauy
mmazmﬂsLumﬂGt?ﬂ'luLLazﬂmszly'lﬁﬁmaqcﬁ%ﬁ"’ﬂﬂ Tng
ainnoglsgnoonuuulniidunounslsnuidaiau
wagtdugdeau L'%'mmﬂmjmé’ﬂ%aQi%awmmé’ﬂiuamiw&
ﬁbmsuﬂﬁﬂugmwu mpé wsenuansdelnaiiden
LLamJ;mﬁmTumiﬂizmawa

Lﬁasﬁ%ﬁumim’mﬁ’u i%UUﬁ]SLGIJyW@jﬁﬂ’]uSﬂﬂi
UszaranalneSaluld wsoukdnLauanIuzaIy
Aumin (Progress Bar) uazvanuuasfouifiolvly
$UNSIVAIEIULVRITTUUTENININITVNY e
APUIUNITUTEUIHAES IR TEUUVALLARIWEAINL
fuduanudia LLaw‘f’mﬁa%waé’wa‘lugﬂLLUUIWé
Microsoft Excel Gsgnamulvanlvunslylasdnluda

G'hash%ﬁuﬁwia;EI%LLazwaé’wéﬁlﬁTQWﬂﬁzUULLam
lgﬁaﬂwwﬁaashqLﬁamsﬂszmamaLa%amgifﬁ YUV
asnsuazaiulvaalnanadnsluguuuy Microsoft
Excel ?fm'1Ef[,u‘dizﬂanﬁ”’JstiNaa;UﬁTayjaﬁULLazaﬁﬁ
msmsmam"%mﬁamsmﬂéuaﬂaumwmﬁuﬁulm%qﬁuﬁ
froe1amsenadnsilaainszuy wandladmnsnad 3
wazAS197 4

Mesuesee

o FAUVLI F = YA (Front), M = nans (Mid), R =

a4 (Rear)

o fiFe L = 9o (Left), R = ¥31 (Right)

o HA&S G = gnfl (Good), B = gnide (Bad)

o foEaTU RL-G vanela gnanillaunds-

%18 uazidugnd
NANST 3 LLamﬂﬁLﬁuﬂTa;gaﬁwaaﬁwLmﬁﬂmi

mﬂmaﬂqﬂmeﬁuﬁuﬁfﬁ’wLLuﬂmm‘T@aumLLazwaéTWﬁﬁum
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waazden lurnein1sned 4 Lansnisasuadfnig
nszaefvawiumusnInnvegnludeiiud nadws
Fnstungnuuaiuduadngenlufiuiiaundses
s Taoiamiglounda-ee (RL) Anidusesas 60 uay
Tounda-am (RR) Anclusesas 40 Fsasnouztuuunis
ufiuumsfignemludsiuiimeausiitenadugnog
TuiBsnagms

MnnsagUnadsafiivesinumuInisnnyesgnain
397 3 waga3ed 4 r;j%ﬁalﬁyﬁ%ﬁuﬂﬁﬂimﬁumm
LLﬁu&jﬂL%dﬁlﬁlQaﬁ"&J (Objective Evaluation) lagi13fle
naaoulIvgiforvgarufuinuaduduiinis
mnaauLLazisqﬁTumﬁnﬁﬁ’mmamnﬁuﬁﬁﬁ (Ground
Truth) 9 ndufaiveyadinaisunuieuiiou iy
PRI AATLADINN1TAIUIUTDIUUUTIADS B
wamanansUTeuLisuR s 5

91119197 5 waninUFeuiisuuandluiiua

PnwanIsRAnduianue 10 ast szuvatunse
nsrfunagsyylaumannlagnassuaugidiuau 9 ade
Fafuninuuiugisesas 90 Immﬂmﬁﬁmmw
ranandeusineglulounds (Rear Zone) oaanudy
yfigniinnuiiianasuaziasuiianianisindeud
9819520157 (Deceleration) 881al5AnIL AMAIY
wugluszdudinamiudulanuuuhassiiauiud
arudedeunzanmnsatilulelunsinmenidana
gsiiioasneunmsmnsaulaessiussdninimau
Wmnevesnuide
4.3 wan1sUszdiudszansnmlnegdideavgy

MnMsUsziiuszuuaTRduiumsgnuuafiufy
Imssﬁmmmﬁwmu 3 91U wuUsEAnsanlaesiu
vosszuvglusaud Tnsdazuuuadowniu 4.25 910
AzuULIAY 5 AvkuY nansUssdiudananiagnouln
Funsruvasonevaussmemslrnuiugilaosns
winga InglanlunIuALNABIYEINTIATIZN
m"ﬂl,muvwﬁw'fuﬁsuaaqmwmﬁum‘"u wazn1suILEUD
seukadnsluguuuuilansuazannsoiluly
Ustlomilaase

opslsfinu udemglalvoiausuuzifions
Wawszuudiuddluasssziudfy Useiiuusnie

aurslunisusranana nessuudiaiiuaivn

13

(Latency) ludunounissulnanlaimeowasnis
Uszanananadns lngianglunsdiliaifledvun
Ingywiefauazidongs Usziiufiaosdoniiy
AEALAABUYBINANTINTIAT VT SERLNNTAL LT
Wisuifleufiunsnmaaeunisangniuyyy (Human
Visual Inspection) Ingtangludame fignuuaiiudu
Aufrgenieiinnisseusiuiuiauauiy dadu
Uspiuftannsniluladusumdunmstaussuy
Tnfiauusuguasaiiosttulusunn
4.4 wamsUszidunuienelovangsiaoe

Mnwan1Uszdy nungleuiaufioelane
szuulaesiueglusedud (Aede 3.87 990 5 AzUUL)
Faagnoulmiiuinssuuanisonouaueinoay
nesnsaunslaay nisidoug uasmdinsizviveya
L%Qﬂaqwﬁ(vl,ﬁuashwmsau o189 WU
wlyulnazuunluseduilu 5 ssdundn laun 1)
UselvrunanaifousuasnisUssgnalsmalulad 2)
arnalangvastuneunssivaninlonazguadns
3) ANUEEAINTUNSUARINANITAATIZI 4) N5eIDeN
voyaidulila Excel innulagnaasuazazain uaz 5)
msﬂ%szjyflt,l,azﬁaaaﬂ%aa@ (Import/Export) vlnegng
Y

pgslsfiniu Ten1silasuasuuusiiigndeglu
syAutIunans laun aranalunisussanans Ay
wuuglun1sns9dugn wagauainisalunig
Anseuudlouau wronnassiunansussiiulng
dsrnlunounun Inedlmfunssuudsdvesiia
puUsEAnBamnsUszananauazauAaLadeuly
nsnrnduluusantunisal Sadulssduiianslasy

s RLANluAdesseraaly

5. 15U
NANITIVEAINNITNAUULAENAFDUTEUUATINIU
s‘hLmu'aa“ﬂmeﬁuéfwﬁuﬁammiu‘laﬁﬂiyzywisﬁwél,t.am
T wuusrassiilaaaidnenssy YOLOVS (Model
a) Ffnonmgslunisnsrndugnuuadudu Tnoden
Precision qaﬁaﬁyaaax 95 wazA1 Recall ﬁyaEJaz 92 R
aamﬂayaqﬁ’mmaﬁm Track-by-Detection i Mirzaei et

al. (2023) wag Cao et al. (2021) izqi%ﬁuummﬂﬁ'ﬁ
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‘Uixﬁw%ﬂmiumsLLhuiTﬂqumsﬁmmu’?mqsuumLﬁﬂﬁ
iaeuTisang venand nsidenly YOLOVS daon
SuuTeIAUBwLEYRY Kim & Cheng (2023) Thuuenis
mmﬁwﬁzy‘uaaLLUUﬁhaaaﬁmﬁﬂLmﬁmmmiaa%’umi
Ussiananuuissalmiuaznnilvlenuass
agnslsfinny wams"dizLﬁumﬂﬁg«il,%mmzyl,l,az
ylruataindiunssuudivediinniuenuiaiios
maami&mmmgﬂLLa:m*mLLaius‘J’ﬂumﬁzuqmmiumﬂ
a01un150l ImaLa‘wwﬂizﬁﬁqﬂLLumﬁuﬁ’um?{auﬁﬂyw
mmL%qw%lﬁmmwLuaamﬂmsmﬁ'auﬁ (Motion
Blur) Fadunanuvmmeientudl Mirzaei et al. (2023)
wag Rozumnyi et al. (2021) lanandsdusuisonsy
i luUssdiumuneeuun lmemnaiian1sanay
wuae (Deblurring)
uenanil msfiszuudeinsnsaduanmauluuns
53 (Missed Detection) Fedznauniunn Recall
wandlmiiudsanusndulunisssenalymadaiaiy
dlawufuvoyafinnamely fugunuideves Lai et
al. (2025) Aauenislonaln Attention iieiiuaa1y
WUUET HEOUUINIEY 8AANS WINUSH wavAuY
(2567) hag Shah et al. (2020) ﬁﬂizﬁgﬂ ale Kalman
Filter W@ UTE 114 ATRHIWAUILAZAIIUAUNTINT
Lﬂé‘auﬁmaaqﬂiﬁﬁmméaLﬁaqmnﬁaﬁﬁu
TumunsUssgnalenunds nan1sUsziliunnui
wa‘l,aﬁumsi’szyamﬁué’udﬁzuuﬁﬂmﬁmsha:mas{ami
Bouguarnsiinsemnufinm lseniznisagunaly
g‘dwayaagJaL%aaﬁauasmiaﬁaaﬂh\lé Excel §a178
SNIEANNAYAINIUNITIATIEMTNENHAZNTI WAL
nagMENTTUINTY HadNsRInaIABARRBItULLIARYES
spUUEfUaYUN1SARAY (Instant Review Systern) 1
Kopania et al. (2022) szipﬁﬂ'}ﬁzqﬁi’%mﬁqqﬂaéw
s unumddRensinduran1sLty
wnsruLTiRmunTuddivesinluunssvidiu un
Nami%@a@ﬂLLaﬁmi‘UizLﬁuﬂzﬂL‘?NWIﬂﬁﬂLLﬁSL%ﬂI}ﬁ%&’m
wan L afne AMe ISR T AR IS
qﬂLLUﬂﬁuﬁuéjaﬂmaIuIa%auﬂama%”?ﬁﬁﬁ Feanansn
ﬁaaamiﬂt;jmﬁ,ﬂﬁxﬁ%uqa WU NITMUNUSEANNIS

# (Shot Classification) LLasmﬁmmngLmeiLau

14

L%aﬂaqmg AINLUINIIVDY Wang (2021) ag Zhao
(2023) TueunAn

6. a3l

NuUITliingUszasamnenmuiiazUszennly

q

3
a

wialulad Uy 1UseRvgdmsunisiAsEniumuInis

ANVDIQNILUATUFY WesnszauUszansainlunis
3Lﬂiwzﬁmu (Scouting) LLazaﬁuauumm’mLquﬂaqwé
nsutsty Tnegddeleimuuuusassmmaduingais
an1dnenssu YOLOv8 LLasuiﬁmmiLﬁuy'lﬁmwuﬁu
weUnaduianunsalaculaags Lﬁal,maqﬂnuayjamﬂ
’?ﬁiamiLLszJ'w”uIﬁ;LﬂumyagaLsﬁaaﬁmam%mﬁuﬁﬁﬁ
mwwmwwﬂaqwé

nan1snaassnan vyl n1sinua
Amsaliesnisilnasufinunzay Tnsawiznisly
UIUTBUNTHNEDU 300 SOU %auﬁwm%ay}aﬁﬁmm
NAINVANYUALINEINDTIUIY 9,800 A LUl ade
a°m°’zyﬁa'qmaiﬁym‘uﬁ]"’]aaﬂﬁﬂizﬁwﬁ“quaqm
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wuue™ Tagilan Precision se8as 95 wagTaay
ﬂsamqﬂumim’mﬁuﬁwm Recall souaz 92 ifloth
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Tuseuf szuufiimuntunansluiudedne e
msﬂizqﬂm‘ﬁﬂauﬁama%’iﬂ’ﬂﬁuaznﬁﬁaug@aﬁﬂlu
MITATIEMNLRWILUATIURY LLasmmméaSamqui
msLﬂuLﬂ%qﬁamwmigwuﬁ”nM%’umsﬁﬂ{{am MIIATIEA
A15uY9TY wazn1snmudn A lussdvaluas
SefUTR wagsERULUTRla AR

081915/n10 uiToITIReTvadialuniu
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AMLUBBINNSLAGEUT Feaamananuwuuglunis
srygaanluunensdl ety wwamnsnnsimuluouae
mm;qmyummmumﬂﬁﬂmsﬂﬁzmmﬂﬁﬁwLmﬁa \uy

Kalman Filter #3ainAtian1UsEaIaNaNINTLES Live
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