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Editorial Message

The editorial board of the Journal of Engineering and Digital Technology (JEDT) is pleased to present
the research featured in this issue, which reflects ongoing advancements in engineering and digital
technology at a time when industries are undergoing rapid transformation driven by automation, artificial
intellicence, and digital infrastructure. All articles have undergone rigorous peer review to ensure that the
published work meets high academic standards and offers practical value for both the manufacturing and
service sectors.

The journal emphasizes research that responds to industrial needs, including the enhancement of
production processes, advanced data analytics, the development of intelligent systems, and the design of
technologies that strengthen organizational competitiveness. The studies in this issue introduce innovative
approaches with strong potential for real-world application, such as the use of Al in production lines, the
development of automated control systems, and the creation of digital solutions that improve the
resilience of industrial operations.

The editorial board is confident that the contributions in this issue will benefit researchers and
practitioners in the industrial sector. We also encourage scholars to continue submitting their work to future
issues of JEDT, as we collectively advance knowledge in engineering and digital technology in a sustainable

and impactful manner.

Kongkij Voraputhaporn, Ph.D.
Editor-in-Chief
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Abstract

This study looks at how to create perfectly rotating linearly polarized light using phase-shifting methods in a
Sagnac interferometer, aiming to categorize optical devices. Theoretical analysis is conducted using Jones calculus,
which provides a framework for understanding the propagation and phase shifting of linear light. Experimental
results from the Sagnac interferometer show interference fringes that align with predictions from mathematical
simulations. The experimental observations are validated through comparisons with Python-based simulations,
ensuring the accuracy of the rotating polarized light characteristics. Additionally, Convolutional Neural Network
(CNN) techniques are employed to analyze and verify the interference fringes, further confirming the consistency
of the results with Jones calculus theory. This work demonstrates the potential for applying these methods in real-
time, non-destructive optical measurements for the inspection and classification of materials such as polarizers

and Half Wave Plates (HWPs), advancing the field of optical device characterization.

Keywords: CNN, Optical, Polarized, Python-based, Sagnac
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INTRODUCTION

Interferometry is a versatile and powerful optical technique widely utilized for precise phase measurements
and the inspection of optical materials. Its non-destructive nature allows for the evaluation of material properties
without compromising the integrity of the sample, making it invaluable across both laboratory and industrial
applications [1], [2], [3], [4]. Among the various interferometric systems, the Michelson, Mach-Zehnder, and Sagnac
interferometers are the most commonly employed configurations. While Michelson and Mach-Zehnder
interferometers require a complex setup of optical components to generate linearly polarized light beams, the
Sagnac interferometer offers a more efficient and simplified approach, utilizing fewer components while maintaining
the stability of the light produced [5], [6]. This combination of simplicity and inherent light stability makes the
Sagnac interferometer an attractive choice for a wide range of applications [7], [8], [9]. One of the key advantages
of the Sagnac interferometer is its ability to generate highly stable, rotating linearly polarized light, a critical resource
for advanced optical characterization. This type of light offers insights into the propagation and interaction of light
with optical materials and components, which is essential for accurately characterizing material properties. To
understand and predict the behavior of rotating linearly polarized light, mathematical models such as Jones
calculus are frequently employed. Jones calculus provides a powerful framework for analyzing polarized light
propagation, enabling precise predictions of light behavior within complex optical systems. Alongside the
advancements in optical techniques, the integration of artificial intelligence (Al) and machine learning (ML) has
significantly enhanced the analysis and classification of complex data. Traditional manual classification methods
are often prone to human error due to the sheer volume and complexity of data. With the aid of machine learning
models, particularly Convolutional Neural Networks (CNNs) [10], [11], [12], the process of classifying and analyzing
data from optical systems has become more efficient and precise. CNNs, designed to mimic human visual
perception, have proven highly effective in image classification tasks, allowing for accurate analysis of optical
systems and components.

The primary objective of this study is to generate and characterize perfectly rotating linearly polarized light
using a Sagnac interferometer. The experimental setup detailed in this work integrates optical measurements
(including intensity and image-based characteristics) and simulation techniques, specifically Python programming,
to model the propagation of light within the interferometric system. By comparing the results from these
simulations with experimental data obtained from an oscilloscope and CCD camera, the study aims to verify the
presence and quality of the rotating polarized light. Additionally, the research explores the application of a CNN
model [13], [14] to classify optical components such as polarizers and Half Wave Plates (HWPs), showcasing the
integration of machine learning techniques in optical analysis. This approach further enhances the capability to
analyze complex optical systems, demonstrating the potential of combining traditional interferometric methods

with modern Al-driven data analysis techniques.
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METHODS
1. Process of Generating Rotating Linearly Polarized Light

A laser beam source emits a horizontally linearly polarized beam at 0 degrees, which passes through a light
filter to reduce its intensity. The polarization axis of the beam is then adjusted using a half-wave plate (HWP) set
at 45°. According to Jones vector theory, the electric field of the incident beam entering the polarizing beam

splitter (PBS) can be represented by Equation (1).

£ =[] W

The PBS separates the beam into a horizontally linearly polarized light component and a vertically linearly

polarized light component. This can be explained using Jones matrix theory, represented by Equations (2) and (3).

Tppst = [(1) g] 2)
Tppse = [g 2] (3)

Here, Tppst and Tpgs; denote the transmission and reflection components of the horizontally and vertically
polarized beams, respectively. Thus, the electric field of the transmitted beam E,r passing through the PBS can

be calculated using Equation (4).

1
Eqr = Tppse " Ea = ﬁ [0] (4)

Similarly, the electric field of the reflected beam E g passing through the PBS is given by Equation (5).
1o
Eqr = Tppsr " Ea = ﬁ [1] (5)

From Equations (4) and (5), E,r and E,p represent beams parallel and perpendicular to the PBS axis,
respectively. These two beams then experience phase retardation differences. The E,r beam is reflected by a
mirror (M1) and directed towards a piezoelectric transducer (PZT), which is attached to another mirror (M2) for
frequency modulation adjustments. Therefore, the light reflected by M1 and PZT (M2) before exiting the PBS can
be described by Equation (6).

117 -
Barr = PBS - My - PZT(My) - Bar = — ] elow+oxtn (6)

where 6y, 8, and 6, (t), 8, (t) represent the phase shifts induced by the reflections at M1 and PZT (M2),

respectively. Conversely, the electric field of the E;p beam can be calculated using Equation (7).

1 o7 -
Eag = PBS - PZT(My) - My - B = | 1] ey +8y(®)] 7
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PZT (M2) PBS CCD camera
HWP acA2500-14pm
@22.5°
Light filter

e Horizontal Component

@ Vertical Component

Light source (LS)

Figure 1: Triangular Sagnac interferometer structure

Both beams recombine at the PBS and are then directed towards a quarter-wave plate (QWP) set at 45°. At this
stage, the beams are converted into linearly polarized light. The Jones vector representation of the output electric

field can be calculated using Equation (8).
Eout =Q Eqr +Q  Egp ®)

where Q represents the Jones matrix of the QWP, given by Equation (9).
L I
0=—|_, (9)

By substituting Equations (6) — (9) into Equation (8), the output of electric field under Jones vector theory is

obtained as Equation (10).

E.. = sin(8,, — &, + 6, (t) — 6, (1)) e%(5y+5x+5y(t)+5x(t)—%) (10)

cos(8y — 8, + 6, (t) — 8,(t))
When the two beams recombine at the interferometer’s output, they form perfectly rotating linearly polarized light.
The mathematical results obtained can be used to study the characteristics of rotating linearly polarized light.
The output intensity of this light is related to the modulation frequency and the angle () of the polarizer (P). The

intensity component of the rotating linearly polarized light can be determined by Equations (11)

Eg = P(0) - Egut (11)
2 i 1 91 i n
g, = [ cos°@ cosOsinf]. 2 i 0 4 cos o [e ] L6y 8,8, (O +8:(0-T)
o [cosesine sin” @ ] 2(sm cos ) ie-i9]€
0 L1 . 5 12
Ipolarizer =Ey-Eg = Z(l + sin 26)

where Eg and P(6) represent the Jones vector output of the light and the angle of the polarizer, respectively.
Equation (12) Igolan-zer expresses the intensity of the rotating linearly polarized light as a function of 0 — 2nm (in

radians) and the modulation frequency.
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2. Classification of Optical Devices Using the Sagnac Interferometer Structure
Next, optical device samples are placed into the Sagnac interferometer experimental setup. The samples
include a polarizer and a half-wave plate (HWP), with their output light intensities calculated and presented in

Table 1.

Table 1: Output light intensity based on optical device type

Optical Device Output Light Intensity
1
i 6 — i 2
Polarizer Ipolarizer 4 (1 +5sin26)
HWP I8p = sin? 26

where 0 represents the angle of the optical device sample, and E denotes the amplitude of the incident light.

3. Generation of Perfectly Rotating Linearly Polarized Light

Figure 2: Experimental setup for generating perfectly rotating linearly polarized light using a triangular Sagnac interferometer

As shown in Figure 2, the experimental setup consists of a laser light source that emits horizontally linearly
polarized light with a wavelength of 632.8 nm. This horizontally polarized light at O degrees passes through a light
filter to reduce its intensity. The beam then passes through a half-wave plate (HWP) set at 22.5 degrees, which tilts
the polarization to 45 degrees. When the polarized light is tilted at 45 degrees, it contains both horizontal and
vertical polarization components. The beam then enters a polarizing beam splitter (PBS), which separates it into
horizontally and vertically polarized beams. The horizontally polarized component passes through the pbs, while
the vertically polarized component is reflected. The horizontally polarized light passing through the pbs is directed
toward mirrorl, where it is reflected and then reaches the PZT (M2), which induces phase modulation, causing the
light to rotate. The vertically polarized light reflected by the pbs is directed toward PZT (M2), where it also
undergoes phase modulation before being reflected toward mirror 1. After these interactions, both horizontally
and vertically polarized beams are reflected back to the pbs, forming rotating orthogonal polarized light. When
this light passes through a quarter-wave plate (QWP) set at 45 degrees, it is converted into left-hand and right-hand

circularly polarized light. Finally, these circularly polarized components combine to form linearly polarized light.
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4. Python Program
Writing a Python program requires defining variables to calculate light propagation equations, plotting graphs to
display light intensity, and simulating images derived from the calculations. Therefore, the variables based on Jones
matrix theory can be analyzed and written as follows:
Python
Linear_Horizontal = np.array([[1, 0j11)
HWP = (1/np.sqrt(2))*np.array([[1,1], [1, -11])
PBST = np.array([[(1+0)), 0jl, [0j, 0j1)
PBSR = np.array([[0j, 0j], [0j, (1+0))1))
PZT = np.array([[i, 0jl, [0j, 1)) ;
M2 = np.array([[(1+0)), 0j], [0j, (1+0j)I])
QWP = (1/np.sqrt(2))*np.array([[(1+0j), 1j], [1], (1+0)I)

5. Python Program Process
Define variables for optical device equations, then compute the equation for perfectly rotating linearly polarized
light. Next, plot images for comparison with pictures captured by a CCD camera, acA2500-pum. Finally, plot a graph

to examine the intensity of the light.

6. Learning with a Convolutional Neural Network (CNN) Model
A CNN is a type of artificial neural network that simulates human vision by analyzing an image as small regions
and combining them to detect patterns. The CNN model is used to determine whether the analyzed light is

perfectly rotating linearly polarized light.

i

ia
i
i

000000060
’ !

Figure 3: Convolutional neural network model

To utilize a CNN model for verifying perfectly rotating linearly polarized light, multiple interference fringe images
must be collected using a CCD camera (acA2500-pm). The CNN is trained to recognize and classify the characteristics
of the light. To achieve this, images of both perfectly polarized and imperfectly polarized light are collected,
creating two classes: Class 1: Perfectly polarized light, labeled as [1] and Class 2: Imperfectly polarized light, labeled

as [0]. The CNN model is trained with 500 images, while 50 images are used for testing, as shown in Table 2.
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Table 2: Examples of perfectly polarized and imperfectly polarized light

Perfectly linearly polarize light None-Perfectly linearly polarize light

1[1].bmp 2[11.bmp 1[01.bmp 2[01.bmp

7. CNN Model Learning Process

The polarized light from the experimental setup is categorized into two classes: perfectly polarized and
imperfectly polarized. The CNN model is trained to distinguish between these two classes. After training is
complete, test images of polarized light are inputted into the model to determine whether they belong to the

class of perfectly polarized light.

RESULTS AND DISCUSSION
1. Testing Sample Images of Perfectly and Imperfectly Linearly Polarized Light

Images of perfectly rotating linearly polarized light were captured using a CCD camera (acA2500-pm), as shown
in Figure 4.

Next, a simulation of perfectly rotating linearly polarized light was conducted using Python. The resulting image
exhibits interference fringes similar to those in Figure 4, which were obtained using the CCD camera (acA2500-um).
The two images were compared, and Python was used to plot the intensity graph of light from angles 0 — 2

radians, as shown in Figure 5, along with the intensity distribution for different axes in Figure 6.

/) \

N /

Figure 4: Perfectly rotating linearly polarized light captured by Figure 5: Simulated perfectly rotating linearly polarized light

CCD camera acA2500-um consistent with Jones matrix calculation in Python,

Showing Interference fringes from 0 — 27 radians



e
Journal of Engineering and Digital Technology (JEDT) 05\6" A
Vol.14 No.1 January - April 2026 E/gEDTP

o~

[=] =
=] [=]

L L
:-1-5
——

——

=
o
L

[=
B
L

Intensity

|

0 50 100 150 200 250 300 350
degrees

=] =]

o L)
1 1

o
—

Figure 6: Intensity of perfectly rotating linearly polarized light from 0 — 21 radians

From Figure 6, the intensity graph of perfectly rotating linearly polarized light shows that intensity varies at

different angles. The maximum intensity for perfectly polarized light is 1.0 while the lowest intensity for imperfectly

4[1]bmp 1[0].bmp 2[0].bmp 3[0l.bmp 4[0].bmp

5[0l bmp Bj0).bmp T[0).bmp 8[0).bmp

polarized light is 0.0.

2[1].bmp

12011.bmp 9[0]bmp 10[01bmp 11[01bmp 12[01.bmp

9[11bmp 10[1).omp

Figure 7: Perfectly rotating linearly polarized light, with the Figure 8: Imperfectly rotating linearly polarized light, with the

value in [ ] being 1, indicating a perfectly polarized image value in [ ] being 0, indicating an imperfectly polarized image

In Figure 7, 50 sample images of perfectly rotating linearly polarized light were tested in the Python program.
The program successfully classified all images with 100% accuracy. Similarly, in Figure 8, 50 sample images of
imperfectly polarized light were tested and the Python program accurately classified them as imperfectly polarized

with 100% accuracy.

2. Classification of Perfectly Rotating Linearly Polarized Light with Samples at Angles 0 45 90 and 135
Degrees using a CNN Model

2.1 Classification of Polarizer Samples at 0 Degrees: The CNN model was trained by 500 sample images for 150
epochs. With each epoch, accuracy improved while error decreased. This training allowed the CNN model to
classify and recognize test images of different samples. The test was conducted using sample images at 0 degrees,
which were previously unseen by the CNN model. The trained model successfully identified these samples as

0 degree polarizers as shown in Figure 9.
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Figure 9: Polarizer at 0 degrees

From Figure 9, 50 sample images of light from a Polarizer at an angle of 0 degrees were tested using a Python
program. The program successfully identified them as sample images of a Polarizer at 0 degrees with an accuracy
of 100%.

2.2 Classification of Polarizer Samples at 45 Degrees: The CNN model was trained by 500 sample images for
150 epochs. Accuracy increased while error decreased during training. The model was tested on previously unseen

sample images at 45 degrees, and it correctly classified them, as shown in Figure 10.

1.bmp 2.bmp 3bmp 4.bmp
S.bmp 6.bmp 7.bmp 8bmp
9bmp 10.omp 11.bmp 12bmp

Figure 10: Polarizer at 45 degrees

From Figure 10, 50 sample images of light from a Polarizer at an angle of 45 degrees were tested using a Python
program. The program successfully identified them as sample images of a Polarizer at 45 degrees with an accuracy
of 100%.

2.3 Classification of Polarizer Samples at 90 Degrees: The CNN model was trained by 500 sample images for
150 epochs. It was then tested on unseen images at 90 degrees. The model successfully identified these images

as 90 degree polarizers, as shown in Figure 11.
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Figure 11: Polarizer at 90 degrees

From Figure 11, 50 sample images of light from a Polarizer at an angle of 90 degrees were tested using a Python
program. The program successfully identified them as sample images of a Polarizer at 90 degrees with an accuracy
of 100%.

2.4 Classification of Polarizer Samples at 135 Degrees: The CNN model was trained by 500 sample images for

150 epochs. The trained model was tested on previously unseen 135 degree samples and correctly classified them,

as shown in Figure 12.

1.bmp 2bmp 3bmp 4bmp
S.bmp 6.bmp T.bmp Sbmp
11.bmp 12.bmp

Figure 12: Polarizer at 135 degrees

From Figure 12, 50 sample images of light from a Polarizer at an angle of 135 degrees were tested using a
Python program. The program successfully identified them as sample images of a Polarizer at 135 degrees with an
accuracy of 100%.

2.5 Classification of Half-Wave Plate (HWP) Samples at 0 Degrees: The CNN model was trained by 500 sample
images for 150 epochs and then tested on previously unseen HWP samples at 0 degrees. The trained model

successfully classified them, as shown in Figure 13.

10
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Figure 13: HWP at 0 degrees

From Figure 13, 50 sample images of light from HWP at an angle of 0 degrees were tested using a Python
program. The program successfully identified them as sample images of HWP at 0 degrees with an accuracy of
1009%.

2.6 Classification of Half-Wave Plate (HWP) Samples at 45 Degrees: The CNN model was trained by 500 sample
images for 150 epochs. The trained model was tested on previously unseen 45 degree HWP samples and

successfully identified them, as shown in Figure 14.

2jpg 4jpg
6pg 8jpg
10jpg 1jpg 12jpg

Figure 14: HWP at 45 degrees

From Figure 14, 50 sample images of light from HWP at an angle of 45 degrees were tested using a Python
program. The program successfully identified them as sample images of HWP at 45 degrees with an accuracy of
1009%.

2.7 Classification of Half-Wave Plate (HWP) Samples at 90 Degrees: The CNN model was trained by 500 sample
images for 150 epochs. It was then tested on previously unseen 90 degree HWP samples and correctly classified

them, as shown in Figure 15.

11
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Figure 15: HWP at 90 degrees

From Figure 15, 50 sample images of light from HWP at an angle of 90 degrees were tested using a Python
program. The program successfully identified them as sample images of HWP at 90 degrees with an accuracy of
100%.

2.8 Classification of Half-Wave Plate (HWP) Samples at 135 Degrees: The CNN model was trained by 500 sample
images for 150 epochs. The trained model was tested on previously unseen 135 degree HWP samples and correctly

classified them, as shown in Figure 16.

1jpg 2jpg 3jpg 4jpg
5jpa &jpa Tipg 8jpg
9jpg 10jpg 11jpg 12jpg

Figure 16: HWP at 135 degrees

From Figure 16, 50 sample images of light from HWP at an angle of 135 degrees were tested using a Python
program. The program successfully identified them as sample images of HWP at 135 degrees with an accuracy of
100%. Classification of Samples Polarizer and Half Wave Plate at Angles 0, 45, 90, and 135 Degrees It can be
observed that training a CNN model to recognize and classify polarizers at different angles is possible due to the
variations in light fringes at each angle. At 0 degrees, light passes through the polarizer the least, resulting in minimal
light fringes. At 45 degrees, light can pass through the polarizer by half, leading to an increase in light fringes
compared to 0 degrees. At 90 degrees, the maximum amount of light passes through, producing the most
prominent light fringes. At 135 degrees, the light fringes are comparable to those at 45 degrees, showing similar

characteristics.
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CONCLUSION

This research presents the use of a Sagnac interferometer to generate perfectly rotating linearly polarized light
with high precision and stability, using fewer components than traditional setups. Jones calculus was employed to
simulate light behavior, and experimental results closely matched these simulations. A Python-based model
confirmed the accuracy of the theoretical predictions. Additionally, a convolutional neural network was developed
to classify polarized light and optical components using CCD camera images. The CNN demonstrated high accuracy
and is suitable for real-time quality inspection in industrial applications, improving efficiency and reducing human

error.
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Abstract

To address the growing uncertainty in demand for electric vehicles in the market, this article develops an
extended CVaR Newsvendor model. Compared to existing Newsvendors, there are two contributions: (i) embedding
both risk aversion and loss aversion in utility-oriented objectives; (i) handling limited additions using the “three
scenarios” (no stockouts/no additions, no stockouts/limited additions, and stockouts/limited additions). Based on
12 months of data from a single retailer, the model was calibrated under a normal distribution demand and fixed
cost structure, and evaluated using a Monte Carlo simulation. The model had a high fitting degree (98.08%) and a
low root mean square absolute error (0.8 vehicles). This study assumes a single cycle and a single project, with
parameters considered stable during the sample period, and does not explicitly incorporate exogenous factors
such as policies and input prices. These assumptions limit the research's generality, but clarify how to adjust the

framework in practice through scenario-based parameter tuning.

Keywords: Conditional Value at Risk (CVaR), Electric vehicle supply chain, Inventory management, Newsvendor

model, Risk management
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INTRODUCTION

In the context of rapid global economic development, supply chain management has become a key factor for
enterprises in various industries to maintain competitiveness. [1]. Inventory optimization, as the core link in supply
chain management, aims to improve the efficiency of the supply chain and minimize total operating costs through
effective inventory control strategies [2]. However, due to the increasing instability of market demand, traditional
inventory management methods are facing severe challenges, especially in industries such as electric vehicles [3],
information technology, communication, and artificial intelligence, where technology updates quickly and policies
have a significant impact.

The electric vehicle business is a new and rapidly growing sector fueled by technological advancements and
government policy support, which causes market demand to fluctuate significantly [4]. Empirical studies have
shown that macroeconomic policy uncertainty significantly disrupts the inventory behavior and replenishment
pace of enterprises, increasing the decision-making pressure on inventory management [5]. To preserve supply
chain continuity and market competitiveness in a highly volatile market, businesses must make more informed
inventory decisions [6]. Therefore, it becomes especially crucial to find an efficient way to handle market
unpredictability and optimize inventory management in the supply chain for electric vehicles [7].

Conventional methods for managing inventory, which include well-known models such as the Newsvendor
model and the Economic Order Quantity (EOQ) model, often rely on static assumptions about market demand,
meaning they do not account for changes over time. These models primarily focus on maximizing profits or
minimizing costs, which sounds good in theory. However, these approaches often fall short when it comes to
addressing the actual high-demand volatility that is prevalent in the electric car industry. This is particularly true in
highly volatile markets, where businesses may be exposed to substantial financial risks. This situation creates a
challenge that the conventional models do not adequately address, leaving many businesses to struggle with
uncertainty and unpredictability in their inventory management practices. New decision models must be
implemented to enhance the resilience and effectiveness of inventory management, enabling better handling of
uncertainty and the need for risk management. To handle demand fluctuations and market uncertainty, Garvey
and Camnovale suggested a novel “Rippled Newsvendor Model” to optimize inventory management methods in
the face of risk propagation along the supply chain [8].

Due to its emphasis on tail risk, the Conditional Value at Risk (CVaR) model has been widely adopted in financial
risk management as a sophisticated risk management tool. A fresh viewpoint and analytical justification for
inventory decisions in supply chain management are offered by incorporating the CVaR model into the Newsvendor
model. When faced with high risks, the CVaR-based Newsvendor model can help businesses make more robust
inventory decisions and better manage market demand unpredictability [5]. Consequently, there is substantial
theoretical and practical benefit in researching the development of a CVaR-based Newsvendor model [9].

This study aims to construct an extended newsvendor model under the CVaR decision criterion, focusing on
inventory optimization in the electric vehicle supply chain. Based on this core objective, this article implements
the following testable sub-objectives:

Theoretical objective: To derive an analytical expression for utility type CVaR and provide its calculation criteria

given a cost structure and demand setting; Provide an analytical solution for the optimal order quantity and the
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first-order optimality conditions, explaining the existence, uniqueness (under the given conditions), and applicable
scenarios.

Solution objective: Based on the above analytical results, form an achievable solution process for calculating
Q* monthly and output ordering decisions that are consistent with maximizing utility CVaR.

Verification objective: Based on the actual sales data of a specific electric vehicle retailer for 12 consecutive
months, conduct numerical verification of the model, report Root Mean Squared Absolute Error (RMSAE) and fitting
degree, to test the accuracy and robustness during the sample period.

Management significance: Based on empirical evidence, combined with model output, provide ordering strategy
recommendations that match business constraints, and provide actionable support for inventory optimization

decisions in the electric vehicle supply chain under demand uncertainty.

LITERATURE REVIEW
1. Basic Theories of Risk Aversion and Loss Aversion

In the realms of behavioral economics and decision theory, risk aversion and loss aversion stand as two principal
concepts. In the face of uncertainty, the tendency of a decision-maker to opt for safer choices, despite lower
expected returns, is termed risk aversion. Often used in the fields of management, economics, and finance, this
idea elucidates why people and organizations tend to choose more prudent strategies over choices with higher
risks and possible benefits. To forecast how individuals or organizations will behave in unpredictable situations,
the traditional Expected Utility Theory employs a risk aversion coefficient to quantify this propensity.

A fundamental idea in behavioral economics, loss aversion, was first proposed by Kahneman and Tversky in
Prospect Theory [10]. It explains how people tend to avoid losses rather than seek profits when making decisions
because they are more sensitive to losses than to similar benefits. Numerous economic activities, including business
risk management, consumer choices, and investment decisions, have empirical support for this phenomenon. Loss
aversion in management explains why businesses use cautious tactics when things are unclear, to prevent possible
financial losses, even if doing so would restrict profit growth.

Risk and loss aversion have a significant influence on businesses' inventory choices in supply chain management
[3]. When faced with supply chain disruption threats and market demand uncertainties, firms frequently display
strong inclinations toward risk and loss aversion [11]. Despite the possibility of stockouts and lost sales, this practice
encourages companies to reduce order quantities to minimize the risk of unsold inventory and potential holding

expenses.

2. Risk Management and Supply Chain Inventory Optimization

In supply chain management, risk management is crucial, especially considering the increasing volatility and
unpredictability of market demand. Determining the ideal inventory levels in an unpredictable market situation to
satisfy customer demand while lowering associated costs is known as inventory optimization, and it is a crucial
problem in supply chain management. In traditional inventory optimization frameworks, EOQ [12] is typically solved
based on deterministic or stable demand rates and fixed replenishment parameters to minimize long-term average

costs; The classic newsvendor model, on the other hand, is specifically designed for single cycle/short lifecycle
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scenarios with uncertain (random) demand, balancing excess costs and out of stock costs based on a given demand
distribution. The limitations of the newsvendor model are mainly due to the simplification of the distribution form
and parameter stability, single-period setting, and the handling of extreme tail situations and additional constraints.
Therefore, when facing intensified demand fluctuations and rising tail risks, the traditional approach of relying solely
on minimizing expected costs may underestimate downside risks, and there is an urgent need to introduce tail risk
measures such as CVaR to enhance the robustness of decision-making.

The integration of risk management into supply chain inventory optimization has been the subject of a growing
amount of research in recent years [5]. These models have gradually included risk and loss aversion as essential
determinants of decision-making. In their study of supply chain inventory optimization under demand uncertainty,
for instance, Taghizadeh and Venkatachalam suggested the best inventory techniques for varying degrees of risk
aversion [13]. A study by Venkataraman and Asfaw [14] examined how manufacturers create contracts to address
retailers' loss aversion in a supply chain with risk-neutral manufacturers and loss-aversion retailers.

According to these findings, conventional models that aim to maximize profits or costs might not be applicable
in unpredictable situations [15]. More robust inventory management techniques can be designed by considering
the decision-maker's risk preferences and loss aversion behavior, which can help prevent financial losses in severe
situations. However, these models continue to be complex and challenging to handle when dealing with many
risk factors (including price volatility, supply disruptions, and demand variations), and successfully incorporating

these risk factors into the models is still a crucial area of ongoing research [9].

3. The Application and Challenges of CVaR Models in Supply Chain Management

To quantify and control tail risk in investment portfolios, the CVaR model was first introduced in the field of
financial risk management. Two risk indicators utilized in the Newsvendor Model, Value at Risk (VaR) and CVaR,
were thoroughly compared by Jammernegg and Kischka. They noted that CVaR offers a more thorough risk
assessment than traditional VaR, especially when it comes to handling potentially high losses. The application of
CVaR in supply chain management was further examined by Jammernegg and Kischka, who emphasized its
increasing acceptance and extensive use in tackling risks, including supply chain interruptions and market demand
uncertainty, due to its benefits in managing extreme risks [16].

In the literature on supply chain management, the CVaR model has been extensively applied in various fields,
including supply chain contract design, supply chain financing, and inventory management. For instance, to
maximize ordering choices in the face of demand uncertainty, Taghizadeh and Venkatachalam included CVaR into
the Newsvendor Model. They discovered that the CVaR-based Newsvendor Model provided more reliable inventory
management techniques, particularly when demand volatility was significant, as the CVaR model outperformed
conventional approaches [17].

Although the CVaR model has considerable potential for supply chain management, certain obstacles still
hinder its practical application [5]. Firstly, the CVaR model exhibits comparatively high computational complexity,
particularly in supply chains with multiple products and tiers, where it requires a substantial amount of computing
power to solve [17]. Another crucial problem is precisely estimating the model's parameters, such as the risk

aversion and demand distribution coefficients [18]. The efficacy of inventory decisions may be impacted by biased

17



e

Journal of Engineering and Digital Technology (JEDT) f6 A

Vol.14 No.1 January - April 2026 Z/SEEDTF
o~

model predictions resulting from inaccurate parameter estimation [19]. Furthermore, the suitability of the CVaR
model for dynamic situations has not yet been thoroughly confirmed. Further study is needed to determine the
robustness of the model in scenarios where supply chain and demand factors are continuously changing [20].
There have been studies introducing CVaR into the newsvendor model, indicating the necessity of using tail risk
measurement under stochastic demand; However, there are still three shortcomings in this context as a whole: (1)
it mainly focuses on minimizing CVaR in a single stage, and rarely depicts both risk avoidance and loss avoidance
in utility oriented objectives, making it difficult to distinguish the policy effects of “tail exposure suppression” and
“average loss control”; (2) The handling of the additional ordering mechanism mostly assumes infinite or implicit
availability, with less explicit modeling of the three scenario differences caused by the finite additional upper limit
M: no shortage/limited addition/shortage and limited addition, resulting in a weakened behavior of tail shortage
after the “Q+M” truncation; (3) Less monthly indicator validation is conducted on industry data. Based on this, this
article proposes in the context of electric vehicle retail: (i) introducing both risk avoidance and loss avoidance into
the utility type CVaR objective; (ii) Characterization of the three scenarios surrounding M and their corresponding
existence and first-order conditions; (iii) Validation and implementation details description of indicators based on

12 months of real data to fill the gap mentioned above.

METHODS

The average loss that surpasses the VaR at a specific confidence level is known as the CVaR. One risk
measurement technique that works well for determining the average loss in extreme situations is CVaR. A more
thorough risk assessment is provided by CVaR, which considers the average loss exceeding this threshold, in contrast
to VaR, which only considers the loss at the threshold. Businesses can more precisely measure and control supply
chain risks by integrating CVaR into electric vehicle supply chain management.

The CVaR formula is expressed as (Equation 1) [21]:

CVaR, = 1%J:VaRudu (1)

Where a is the confidence level, and VaRu is the VaR at different confidence levels u. At the confidence level
a, VaRq is the threshold at which the ‘worst-case scenario’ begins; CVaRq is the average loss of all worse results
after crossing this threshold. Therefore, compared to only looking at the VaR of quantiles, CVaR focuses more on
the severity of tail conditions and is used to measure the cost exposure caused by “extreme but possible”
stockouts or excesses.

CVaR can be calculated by following the steps:

« Determining the VaR value: Calculate the VaR value for a given confidence level a.

« Identify losses that exceed VaR: Find all loss values that exceed VaR.

« Calculate CVaR: Average all loss values that exceed VaR to get the CVaR value.

A traditional inventory management strategy for deciding what to stock when demand is unknown is the

newsvendor model. This work develops an extended CVaR-based newsvendor model by incorporating CVaR, risk
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aversion, and loss aversion into the conventional newsvendor model, thereby enhancing risk management in the
electric vehicle supply chain.

Confidence level and loss aversion coefficient are used to quantify risk aversion and loss aversion, respectively.
Businesses can optimize their inventory management strategy to ensure the stability and dependability of the
supply chain by adjusting the confidence level and loss aversion coefficient in the supply chain management of
electric vehicles.

For the extended CVaR-based newsvendor model, we have the following assumptions [22]:

l. The market demand obeys a normal distribution.

II. Initial ordering costs are lower than additional ordering costs.

IIl. Retailers may place additional orders during the sales cycle, subject to a maximum number of further orders.

IV. Commodity sales and recovery prices are known and fixed.

V. Retailers are risk-averse and loss-averse.

This article approximates the demand using a normal distribution as a working hypothesis for parametric
calibration and simulation evaluation. This approximation facilitates the derivation of clear first-order optimality
conditions and reduces the complexity of the solution. At the same time, the evaluation and conclusions of the
model are given within this assumption framework, and the scope of application is limited based on this premise.
Simultaneously setting the initial ordering cost lower than the additional cost reflects an everyday business reality:
initial ordering usually enjoys scale and planning advantages, while mid-term additions often come with urgency,
small batches, and transportation premiums; From a model perspective, the initial ordering cost being lower than
the additional cost avoids the degenerate solution of “all dependence on additional”, making the “beginning mid
period” have identifiable cost trade-offs. The above two items only serve as modeling prerequisites for solving and
verifying; Therefore, the generalizability of this article is interpreted based on this boundary condition, and other
distribution forms or different cost relative relationships are not within the scope of this study.

The objective of expanding the Newsvendor model to consider CVaR is to optimize the usefulness of the CVaR
function, which accounts for both risk and loss aversion. The following is the definition of the utility CVaR function

(Equation 2):

UL(Q) = EIR(Q)] — A+ CVaRg(Q) — - L(Q) @

Where Q is the order quantity (assuming that the order quantity is the retailer's target sales volume), and E[R(Q)]
is the subscription volume Q corresponding to the expected revenue, which reflects the revenue that the firm is
likely to earn under the order quantity Q which reflects the revenue that the firm is expected to get under the
order quantity. The risk aversion coefficient measures the degree of risk aversion of the firm. The loss aversion
coefficient measures a firm's loss aversion and represents the CVaR at the confidence level, which is the average
loss over the VaR.

L(Q) is a loss function to quantify the loss due to demand uncertainty and can be expressed as (Equation 3):

L(Q) = E[max(0,D — Q)] (3)
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The objective of maximizing utility CVaR is to determine the optimal ordering quantity and construct the

corresponding objective function. The specific formula is (Equation 4):

maxU; (Q) = max{E[R(Q)] — A+ CVaR,(Q) — - L(Q)} @

Suppose that p is the selling price of the goods, c is the initial ordering cost, r is the out-of-stock penalty cost,

and D is the random demand. Then E[R(Q)] can be expressed as (Equation 5):
E[R(Q)] = pQ — cQ —rE[max(0,D — Q)] — hE[max(0,Q — D)] (5)

Theorem 1: In the extended newsvendor model based on CVaR and loss aversion criterion, the optimal ordering

quantity of the risk-aversion retailer Q* should satisfy the following conditions (Equation 6):

Q" = argmax{E[R(Q)] — 1+ CVaR,(Q) — - L(Q)} ©)

Proof: Assume that the market demand D distribution function of F, CVaR is defined as when loss aversion and

non-zero stock-out costs are also considered (Equation 7):

CVaR,(Q) = max{v + ﬁE[U(pQ —cQ-r-D-QP*—h-(Q-D)" - v)+]} (7)

Where v is the utility threshold, and h is the inventory holding or depreciation cost, (*)* = max{0,"} .U = u(m)

is the loss aversion utility function, denoted as (Equation 8):

T — Ty, T = T
p(m — 1), m < Ty

Uer) = { (®)

Where 1y denotes the target return.

Combining the gain function, loss function, and CVaR function, the objective function is constructed as (Equation 9):

maf (Q) = max {E[R(Q)] = A-max {v + —E[U(@PQ - cQ =7+ (D = Q)* —h-(Q=D)" —=v)*B-p-LQ} (O

In order to analyze in detail the performance of the extended newsvendormodel under different demand
conditions, it is divided into three scenarios based on the relationship between demand D, initial order quantity Q,
and the upper limit M that can be added (this article sets the upper limit M as the constraint for adding orders). In
each scenario, the price p, initial ordering cost ¢, additional cost s, out of stock penalty r, risk parameters a, A, |t
and upper limit M remain unchanged from the demand distribution parameters, and only the random demand D
and the induced additional quantity X and the resulting costs change. The division of the three paragraphs allows
us to see clearly which type of cost dominates when adjusting Q and M, and thus understand the marginal impact
of “adding one point ordering” in the first-order optimal condition.

Through a detailed examination of each scenario, a more accurate objective function can be constructed to
determine the optimal order quantity Q*. The following is a detailed discussion of the three scenarios. The details

are as follows:
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1) D < Q: In this case, no stock-outs will occur, and only the inventory cost and utility function need to be
considered U(m).
This is obtained:

The expected return function (Equation 10),

E[R(Q)] = pQ — cQ — hE(Q — D) (10)

The loss function (Equation 11),

L(Q) = hE(Q — D) (11)

The CVaR function (Equation 12),

CVaR,(Q) = max {v + %E[U(pQ —¢Q—h-(Q-D)— v)+]} (12)

Since the utility function is assumed U(1) to be linear, it is known from the utility function.
1
CVaR,(Q) = max {v + mE[(pQ —cQ—-h(Q—-D) - v)+]} (13)
The objective function is obtained as
maxU¥(Q) = max{ Q —cQ — hE[Q — D] — A-max {u + LE[( Q-cQ—-h(Q-D)- u)+]} — hu(Q — D)} (14)
QA P veR 1—a " K

Because

K 1 +
U3"(Q) = pQ — cQ — hE[Q — D] —ﬂ'mgx{V+m~E[(pQ —cQ-h(Q-D)-v) ]}—hu(o -D)  (15)

LU ) N ) S W i —¢0 —h(Q = D) — )*])
peaB=p—c—h TR -2 max (v - E[(pQ ~ €Q — h(Q ~ D) ~ v)*]) — hu
included among these: %Q_D] = %foQ(Q —D)f(D)dD = F(Q)

Suppose: max (v + i -E(pQ —cQ —h(Q—-D) — v)) is used in v = v* take the maximum value.
> _

V¥ is the optimal threshold for calculating CVaR. For a given Q, the v* following conditions are satisfied (Equation 16):

v* =max{v+ﬁE[(pQ —cQ—h(Q—-D) —v]} (16)

vER
Again:%(pQ—cQ—h(Q—D)+v)=p—c—h

we get
AUy (@) _

h-F AE h] —h (17)
0 p—c (@ -7 Elp—c—h]—hu

21



e
Journal of Engineering and Digital Technology (JEDT) f@

Vol.14 No.1 January - April 2026 Z/XET P
duf(@ _ .
Let T =0,ie.
du Q) _

A
o =P h Q- Elp—c—hl = hu=0

Further simplification and collation give,
p—c)(A—a—-21)—1h

FQ) = h@=—1 It (18)
Principle
e_pa[@-0d-a-)+1h
Q" =F" [ h(l - a) “] 19

2) Q < D < Q+ M: In this case, the cost of additional order quantities and out-of-stock penalties need to be
considered.
From this, it is obtained:

The expected return function (Equation 20)

E[R(Q)] = pQ — cQ —E(D — Q) — sE(D — Q) (20)

where s is the unit cost of the additional order quantity.

Loss function (Equation 21)

L(Q) =E(D - Q) 1)

CVaR function (Equation 22)

1
CVaRe(Q) = max{v + T E[W@Q - @ =7 (0= Q)* —h- (@ = D)) ~v)*]}
= max {v + ZZE[U(pQ — cQ =7(D = Q) = (D — Q) — v))*1}

Thus, the objective function is obtained as (Equation 23)
1
1-a

maxU£(Q) = max{pQ — cQ = 1E(D — @) = sE(D — @) = 2+ max v + T EIW(pQ ~ @ ~r(® = Q) =50 Q) = v)']) ~u- E@ - @} (23)

because
Uy (@ =pQ—CQ—TE(D—Q)—SE(D—Q)—l'rngX{v+ﬁE[PQ—CQ—r(D—Q)—S(D—Q)—v]+}—u-E(D—Q) (24)

_dE(D-Q)
dQ

LAf@ _ o dED-Q)  _ dEQD-Q) _, d 1 e N PO N
o SPTCTT — @ A dQT&x{v+1_aE[pQ cQ-r(D—-Q)—s(D—-Q) v]} u

included among these

Q+M

7D = Q)f (D) dD = f(Q + M) - M = [ f (D)dD = £(Q + M) - M — F(Q + M) + F(Q)

dE[D-Q] _ d_
dQ  dQ
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aP=p—c—(r+s+wlfQ+M) M—FQ+M+FQ] -1 gmax{v+ - EpQ—cQ-r0~Q) ~s(D - Q) ~vl}  (25)

Assuming that
1
max{v+—~E[pQ —cQ-r(D-Q)—s(D—-0Q) —v]}

VER 1—a

is at the optimal point, the maximum value is taken. For a given Q, the following condition is satisfied (Equation 26):

v* =rg&x{v+ﬁ-E[pQ—cQ—r(D—Q)—s(D—Q)—v]} (26)
Let d”f(‘”=o,and%E[pQ—cQ—r(D—Q)—s(D—Q)—v*]=p—c+r+s
We get
u
Tl p s U@+ M) M = F@+ M) +F@] - (p—c+r+9)=0 @D

) p—c)A—a—-2)—Ar+s)
h r+s+pd—-a

=f(Q@+M)-M—-F@Q+M)+F(Q)
In the limiting case, the product of the retailer's utility and loss aversion coefficients is considered to converge

to some constant, and one can continue to simplify the above equation to get,

(p-od—-—a—-2)—A(r+s)
- (r+s+pwd—-a)

=F(Q)-F@Q+M)

When Q < D < Q + M order quantity Q and additional quantity M are sufficient to satisfy all the potential
demand, it is assumed here that F(Q + M) = 1, then
p—c)A—a—-A1)—A(r+5s)

r+s+uwd—-oa

F(Q)=1+ (28)
- —a—-1)—A(r+s) (29)

|
sQ=FTLA r+s+uwd—-a

3)D > Q + M: In this case, it is still necessary to consider the cost of the additional order quantity and the
stock-out penalty. Still, in this case, there is an upper limit on the additional order quantity, denoted as M.
This is obtained:

The expected return function (Equation 30),

E[R(Q)]=pQ —cQ —sM —rE[D — (Q + M)] (30)

The loss function (Equation 31),

L(Q) =E[D - (Q + M)] (31)
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The CVaR function (Equation 32)

CVaR,(Q) = rngX{v + ﬁ- E[((U(pQ —cQ —sM —rE[D — (Q + M)] — 17))+]} (32)

Thus, the objective function is obtained as (Equation 33)

1
mngf(Q)=mgx{pQ—cQ—sM—rE[D—(Q +M)]—A-méa\x(v+1_a

CE[U@Q —cQ —sM —r - E[D — (Q + M)] — 17)+]> —u-E[D—(Q+ M)]} (33)

1
U/{‘(Q)=pQ—cQ—sM—rE[D—(Q+M)]—A-mgx{v+1_a

E[UQ = cQ—sM—r-ED-(Q+M] - -u-ED-@+M)]  (34)

included among these

dED — @+ M) _ d (™ | o4 MY)F(D)dD = F(Q + M) — 1

dQ dQJgiu
afuy d 1
fd’lQ(Q)=p—c—(r+,u)(F(Q+M)—1)—/1-@mgx{v+mE[U(pQ—cQ—sM—r-E(D—(Q+M))—U)]}

Assuming that

mgx{v+ﬁE[U(pQ —cQ—sM—-r-E(D—-(Q+M)) —v)]}

takes the maximum value at.

For a given Q, the following conditions are satisfied (Equation 35):

1
v = man{v+mE[U(pQ —cQ—-—sM—-r-E(D—-(Q+M))— v)]} (35)

duk(Q

Let )

= 0,and%E[U(pQ—cQ—sM—r-E[D—(Q +M)]-v)]=p—c—-r(FQ+M)—-1)
We got (Equation 36)

dU; ()
dq

A
=p—c—(+WFQ+M - -T—@-c-rFQ+M-1)=0 (36)

Further simplification and collation give,

(p—c)d—-—a—2)

7
r+pwd—a)+ar G

FQ+M)=1+

get

P-ol-a-N7_

* _ -1
e =F 1+(r+u)(1—a)+/1r

(38)

In the extended newsvendor model based on cvar, and the loss aversion criterion, the optimal order quantity
Q* for a risk-aversion retailer should satisfy the following conditions (Equation 6):
By optimizing the objective function, the optimal ordering quantity Q* calculated by combining the above three

scenarios, respectively, is as follows:
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L [p=c)A—a—-2A)+1h
Fl[ h(—a) ]_“’ p=0
A p—c)@A—a—-2A)—Ar+5s)
Q —<F1[1+ st —a) ] Q<D<Q+M (39)
_ P-c)d-—a-2)
F1[1+(r+u)(1—a)+){r]_M' b>Q+M

Under various demand scenarios, this composite expression illustrates the best ordering approach the store
should use to maximize predicted revenue and reduce CVaR. We can effectively ascertain the ideal order amount
under various demand scenarios by combining the outcomes of the three scenarios, thereby striking a balance

between risk aversion and revenue maximization.

1
PQ — cQ ~ hE[Q — D] = 2 max{v + T—E[(pQ - <@ — h(@ — D) = v)*1} ~ hu(Q - D), D<@
1
U@=1  pe-cQ-rE®-Q)=sE® - Q) -2 max{v+ T Fl(pQ - Q=1 P - Q 5@ - Q-0 -u-E@ -0,  @<p<q+m  (40)

pQ—cQ—sM—rE[D—(Q+M)]—A-r]rjlgﬂi({v+1iaE[(pQ—cQ—sM—r-E(D—(Q+M))—1J)+]}—y-E[D—(Q+M)], D>Q+M

Testify to the end.

Theorem 1 shows how to solve for the optimal ordering quantity of the risk-aversion retailer given the risk-
aversion coefficient A and the loss-aversion coefficient i and how to solve for the optimal ordering quantity of the
risk-aversion retailer given the risk-aversion factor A and Q.

Next, we aim to prove the uniqueness of the optimal ordering quantity for a given utility function, thereby
ensuring the robustness of the model's decisions.

Theorem 2: In the utility function (Equation 2),

Assuming the demand distribution function is continuous, the utility function is a concave function of the order
quantity Q, and a unique optimal order quantity Q* exists.

Proof: Based on Theorem 1, the utility function (Equation 2),

»D<Q

In this case, no stock-outs occur, and the entire order quantity meets the demand. From this, we get:

Utility function (Equation 15),

By the proof of Theorem 1, it follows that the first-order derivative (Equation 17).

Then the second-order derivative (Equation 41),

d*U; (Q)
—a0r " —h- F(Q) (41)
v f(Q)>0
L U@ _
R T —h-f(Q) <0 (42)
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Then the utility function UK(Q) , when D < Qis a concave function when and there always exists a unique

optimal ordering quantity Q*, the optimal ordering quantity (Equation 19).

2)Q < D < Q + M: A partial stock-out occurs in this case, and additional orders must be considered.

This is obtained:

utility function (Equation 24),

From the proof of Theorem 1, it follows that the first-order derivative (Equation 27).

In the limit, the product of the retailer's utility and loss aversion coefficients is considered to converge to some
constant, and the second-order derivative is solved as (Equation 43),

dazut
#20)=—(T+S+u)[f(0)—f(Q+M)] (43)

It has been assumed that the market demand faced by a product retailer follows a normal distribution, where
the normal distribution function f(x) is continuous and symmetric, and both sides of the distribution of f(x) are
monotonically increasing and take their maximum value at the peak.

The normal distribution function (Equation 44),

(x=y)?
1 e_ xZJyz (44)
ovVanm

f) =

Where y denotes the mean and o denotes the standard deviation of the normal distribution.

2 f(@ > f(Q+ M)
dUL(Q)

402 =-(+s+W[f(@Q-fQ@Q+M]<0

Then the utility function U;(Q) , when is a concave function when Q < D < Q + M and there always exists a

unique optimal ordering quantity Q¥ the optimal ordering quantity (Equation 29)

3) D > Q + M: In this case, the additional order quantity limit M. is thus obtained:
Utility function (Equation 34)
From the proof of Theorem 1, it follows that the first-order derivative.

Then the second-order derivative (Equation 45)

d?U¥ Q) Ar A
A
A ——F M)=|(———1)r—ulF M (45)
dQ? <r+u 1—0() @+M [(1—0( )r Ll] @+M)

According to the practical significance of each parameter, it can be seen that (ﬁ - 1) r—u<0, and F(Q+

d’Uy (@
M) > 0, there are — < 0.
aQ

Then the utility function U;(Q), when D > Q + M is a concave function when and there always exists a unique

optimal ordering quantity Q*, the optimal ordering quantity (Equation 38)
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In summary, the utility function U;\l(Q) is concave concerning the ordering quantity Q, and a unique optimal
ordering quantity Q* exists.

Under this setting, as the order quantity increases, the weight of out of stock related losses decreases and the
holding/additional related costs increase. The objective function exhibits a unimodal shape of “first rising and then
falling” (or quasi concave/concave under common distributions), therefore there exists a unique inflection point
Q¥*, which is not as good as this point in balancing “normal returns” and “tail safety” no matter how many or few
it is.

Testify to the end.

By Theorem 1 and Theorem 2, it can be seen that for a risk-aversion and loss-aversion retailer, assuming that
the out-of-stock cost is non-zero when its risk aversion, loss aversion coefficients, and other relevant parameters
are given, then its unique optimal order quantity Q* can be obtained by Theorem 1(formula (39), and the objective
function can also be obtained by formula (40).

This model not only helps companies make more informed decisions in the face of fluctuating market demand
and supply chain disruptions but also enables optimal supply chain management by optimizing inventory

management strategies and reducing inventory holding costs and out-of-stock costs.

RESULTS AND DISCUSSION
1. Data Source and Model Background

To validate the extended Newsvendor model based on CVaR proposed in this article, we selected 12
consecutive months of store sales data from a single brand electric vehicle retailer in Heilongjiang, China, as the
validation sample. This data encompasses the entire one-year sales cycle of the region and reflects the typical
seasonal fluctuations and sources of uncertainty in the electric vehicle market. On the one hand, factors such as
quarterly promotion pace, holidays, and model launches lead to systematic fluctuations in demand in different
months; On the other hand, external shocks such as subsidies/policy adjustments, progress of charging facility
deployment, supply chain arrival rhythm, and price changes will amplify the asymmetric losses of demand tail
risks and stockouts/unsold products in local months. Therefore, the 12-month data includes both regular seasonal
patterns and random fluctuations driven by policy and supply and demand disturbances, which aligns with the

research objective of measuring tail loss and evaluating order decision robustness using CVaR in this paper.

Table 1: Monthly number of EV units sold by the retailer

Month Volume of sales

1 27

30

37

34

41

a4

37

0| N[l P~ OVIDN

41
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Table 1: Monthly number of EV units sold by the retailer (Cont.)

Month Volume of sales
9 34
10 30
11 27
12 34

Based on the above empirical data, we optimized and validated the monthly order quantity using Python:
Pandas was used for data organization and result output, NumPy/SciPy was used for random sampling and
distribution fitting, and Matplotlib was used for visualization. Under the Rockafellar Uryasev (R-U) formulation (also
known as expected shortage), numerical approximation of CVaRq is performed based on discrete samples. Based
on historical sales data, characterize the demand distribution monthly and establish a sampling scale. Conduct
approximately 5000 Monte Carlo samplings per month to evaluate the target value of candidate order quantities.
Subsequently, a “grid+local” joint search is employed within a bounded interval proportional to the average
monthly demand to determine the optimal order quantity Q*. The RMSAE and Accuracy, as defined in the article,
are then calculated based on this result. This implementation does not have a random seed set, so there may be
slight differences in the sampling sequence between different runs. However, the conclusion remains stable within

the scale of our problem.

2. RMSAE and Accuracy Validation Method
This paper employs Accuracy and RMSAE as the primary evaluation metrics to assess the fit between the
model’s predicted values and the actual sales data. Accuracy measures the relative error between the predicted

and actual values, and its formula is as follows (Equation 46):

L

Accuracy = %Z?=1 <1 - M) x 100% (46)

Where y; represents the actual sales data and §; is the model’s predicted optimal order quantity. The closer
Accuracy is to 1, the smaller the gap between the expected and actual values.

RMSAE measures the error between the predicted and actual sales values, and its formula is (Equation 47):

RMSAE = |12 [y — | @)

A lower RMSAE indicates a higher predictive accuracy of the model.

3. Model Validation Process

We generated the optimal order quantity for 12 months of the year using optimized code implemented in
Python. This study conducted 5,000 Monte Carlo samplings per month for the evaluation of target values and
indicators. The code does not have a fixed random state, so there may be slight sampling differences in the results

between repeated runs; however, the overall conclusion is not affected.
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The following formulas were used in the code to calculate the utility function and CVaR in the extended
newsvendor model (Equation 1).

Based on a confidence level of a = 0.05 (i.e., the retailer is 95% confident in meeting the sales target), we
calculated the CVaR for each ordering strategy, optimizing it using actual sales data and stockout penalties.

To enhance the model's sensitivity to risk aversion, loss aversion, and predictive accuracy, we adjusted the
penalty terms for risk aversion and loss aversion to reflect the dynamic intensity of these factors. Specifically, the

following adjustments were made (Equation 48 and Equation 49):

40

Ruguses = A X 80 x (Z2) (48)

mean_sales
Iladjusted =ux 60 X ( 40 ) (49)

Based on average sales volume, this adjustment method ensures that as sales increase, the model’s
requirements for risk aversion and loss aversion also increase, making it better suited to dynamic market demands.
By increasing the weight of the penalty terms, the model is guided to select more robust ordering strategies.

Additionally, to improve the model’s sensitivity to prediction errors, the RMSE penalty term was magnified

(Equation 50):
RMSE,  seq = 150 X RMSE (Qactual_sales) (50)

This adjustment enables the model to emphasize the deviations from actual sales data in the ordering quantity
predictions, thereby improving forecast accuracy.

The determination of core behavioral parameters (A, W) in this article follows the process of "baseline coefficient
— sales scaling — small-scale selection”: first, set a baseline (A, p) that does not change with the month, and
then use the average sales scaling formula given in the previous text (while using a consistent amplification factor
caliber for the RMSE penalty term) to obtain the effective coefficient for the current month. It should be
emphasized that the multiplier is not manually specified, but obtained through sensitivity testing of small-scale
discrete grids and symmetric disturbances: under the premise of fixed (p, ¢, s, h, r, M) and confidence level a, the
baseline coefficient combination is repeated month by month, and Monte Carlo evaluation is used to solve Q* to
calculate the indicators, with the overall utility of the sample period as the main factor and RMSE/fitting degree as
the auxiliary factor for selection; The final adoption is the minimum multiplier that can smooth Q* fluctuations

without compromising the error index, without reducing overall utility.
4. Model Validation Results

The validation results calculated using the above formulas show that the model's average accuracy is 98.08%,

indicating a high level of precision in predicting market demand in most cases. (Figure 1)
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Comparison of Predicted Sales and Actual Sales
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—&- Optimal Order
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Quantity

28

26

Month

Figure 1: Comparison of predicted sales and actual sales

The calculated RMSAE is 0.8 units, meaning the average difference between the model's predicted optimal
ordering quantity and the actual sales data is 0.8 units per month. (See Figure 2) This error demonstrates the

model’s practical value in solving inventory optimization problems in the electric vehicle supply chain.

Manthly RMSAE Analysis

—— RMSAE

Month

Figure 2: Error analysis chart

According to the validation results, the extended newsvendor model based on CVaR developed in this paper
demonstrates substantial value and accuracy in demand forecasting and inventory management for the electric
vehicle market. However, parameter weight adjustments based on input data are necessary to enhance its

effectiveness.
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CONCLUSION

This study developed an extended Newsvendor model within the CVaR framework to characterize tail risks
associated with demand uncertainty in the electric vehicle supply chain and optimize ordering decisions
accordingly. Based on the actual sales data of a specific retailer for 12 consecutive months, the results showed
that the model had good fitting and robustness during the sample period, with an average prediction accuracy of
approximately 98.08% and an RMSAE of approximately 0.8 vehicles per month. This indicates that the introduction
of the CVaR ordering strategy can effectively mitigate downside risks while maintaining service levels, considering
extreme losses.

From the perspective of parameter sensitivity, an increase in the risk aversion coefficient A will strengthen the
focus on tail losses, making the overall ordering strategy tend towards conservatism. The improvement of the loss
aversion coefficient focuses on reducing the average loss exposure, which, in most cases, aligns with the direction
of risk aversion and jointly promotes a reduction in the order quantity. Its effect is more significantly affected by
the relative relationship between holding/discount costs (h) and additional costs (s). Relatively speaking, the
confidence level (a) mainly plays a role in “amplifying or converging tail weights”: at higher a values, the above
coefficient adjustments have a more significant impact on the order quantity; When the additional upper limit (M)
is small, the tail of stockouts exceeding Q+M becomes heavier, and the conservative effect is also more substantial,
At the same time, increasing the out of stock penalty (r) will push up the target service level, offsetting the
aforementioned downward trend to some extent.

At the practical level, this model provides a quantifiable basis for enterprises to develop ordering plans in
uncertain demand and policy environments. On the one hand, it can differentiate risk aversion and loss aversion
based on risk tolerance; On the other hand, by combining operational constraints such as additional upper limit
M, out-of-stock penalty r, and holding/additional costs, a parameter combination consistent with service
commitments is formed to achieve more robust stocking decisions at different market stages.

Compared to previous studies that directly embedded CVaR into newsvendor targets, the difference in this
paper lies in: firstly, using a utility based expression, risk avoidance and loss avoidance are hierarchically weighted
within the objective function, and the mechanism is used to distinguish the effects of tail and expected losses on
order quantity; The second is to propose three scenario divisions around the limited addition upper limit M (no
shortage/no addition; no shortage/limited addition; with shortage and limited addition) and provide first-order
conditions and existence explanations based on them; The third is to conduct monthly evaluations on real business
data and disclose the Monte Carlo scale and evaluation indicators.

Of course, the conclusions of this study are still subject to several premises. Firstly, monthly demand is
approximated by a normal distribution, and a sampling scale is set based on historical sales. If the actual distribution
is skewed or has a fat tail, the estimation of CVaR and optimal order quantity may deviate; Secondly, the empirical
sample comes from a single retailer and a single year (12 months), and the heterogeneity of regions and channels
needs further testing;, Thirdly, the study did not incorporate exogenous factors such as raw material prices,
subsidies/policy adjustments, investment in charging infrastructure, and the pace of vehicle launches into a

structured explanation, making it more suitable for periods when prices and policies are relatively stable; Fourthly,
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the numerical implementation does not have a fixed random seed, and there may be slight differences in the

sampling sequences of different runs (which does not affect the main conclusion of this article).

LIMITATIONS AND RECOMMENDATIONS

This study shows that the extended newsvendor model based on CVaR significantly improves the model's
flexibility in handling uncertainty by dynamically adjusting the risk aversion and loss aversion coefficients. To
enhance the model’s robustness and predictive accuracy in varying market demand situations, it's essential to
carefully adjust its parameter weights according to the characteristics of the input data. In practical terms, the
model may be prone to overfitting or underfitting, but these issues can be effectively addressed through
appropriate parameter adjustments. Practically, adjustments to dynamic parameters ought to rely on a thorough
examination of past sales figures, encompassing seasonal variations, shifts in policies, and uncertainties in market
demand. Through these evaluations, crucial factors such as risk aversion and loss aversion coefficients can be
suitably adjusted in the model to ensure effective forecasting of future demand. The method of dynamic
adjustment reduces the model's reliance on datasets and enhances its ability to generalize in complex and volatile
market conditions.

Future research can further explore cross-subject and multi-cycle scenario extensions, as well as how to
incorporate more external variables (such as policy changes, competitor strategies, etc.) into the model to achieve
dynamic optimization of parameters, thereby enhancing the adaptability and prediction accuracy of the model

under extreme market conditions.
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SCM440 TANUUDIIEEA LaruAne199IN SSA00 egdituddynmsaifiuazdeujifeg1sdniau Turaen S50C Auds

o a

N1 55400 egrelidedAn Uiy fuddinsiSeuiisunenas (post-hoc tests) kWU Bonferroni a1akinuay
uansenaaRRdm UL uivuRTeNANTENUTIgY (effect size) SanatsiRsmuunninsfid Ay luBafod dedu ns
\denld SCMA40 ﬁnmmgauﬁqmmﬂé’fanmimﬂmvﬁngqqﬂ %agmauﬁaé’hummwﬁqﬁ donndadfUNANITVIAGBITILARIATY
numudensdnnse laefiansanandnsmsinuededetaluaneld anwwedeudisinisianssuunnsiaiu g tan
scMa40 fifiannudegeananinsavialdluannefifinseuudosas 100 (annefanieugsiian) Fsmadnsiatuayude

a3U71 SCMA40 flanununusienisinnsedinil S50C way SS400 laglanizagedsluanimwindeuiinisinniouss

AaAgy: Muyndannuu nssenwuunIsnnaes wilosauiudnlud Jageasuuse Mlnsentdym
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Abstract

The reinforcement of materials for Bucket Wheel Excavator (BWE) teeth was investigated using the Design of
Experiment (DOE) technique. The primary objectives were to identify the causes of wear, determine the material
factors affecting wear, and compare the Performance of reinforced teeth across three material types: SS400, S50C,
and SCM440. Forty-eight teeth of each type were used on one rotating wheel, sized 38x38x250 mm, with the
reinforced teeth weighing no more than 50 kg each.

The DOE analysis revealed that material type significantly impacts hardness (p-value = 0.016) with a very large
effect size (N? = 93.63% and high Cohen's d for all Pairs). Specifically, SCM440 achieved the highest hardness and
significantly differed from SS400 both statistically and practically. S50C was also practically harder than SS400.
While post-hoc tests (e.g., Bonferroni) did not detect statistical differences for all Pairs (e.g., SCM440 vs. S500), the
consistently high Effect Size confirms the Practical significance of these differences. Therefore, selecting SCM440 is
the most suitable choice for maximum hardness. This superior mechanical property is consistent with the field
experiment’s wear Performance, even under varying abrasive conditions. The field test showed that the high-
hardness SCM440 was able to operate in the most severely abrasive environment (100% sand content), which
strongly supports the conclusion that SCM440 offers better wear resistance than S50C and SS400, especially in

highly corrosive environments.

Keywords: Bucket wheel excavator teeth, Design of experiments, Lignite mine, Reinforcement, Why-why analysis
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lumsinsanidenldianurasviinlunisnaasuanavnalneasulanmnisei 1

= ~ = wa o =l =
19199 1: ﬂ’]iLUiEJ‘ULVIEJUF]N?IQJUG]LLB%LMQNGF]’J’]&JL%NW%E@J?JBQ’J?IQV]IﬂHﬂﬁﬂﬂUW

S5400 S50C SCM440

{ v 1 v

< o A A a o R < s o ] v < P R
Wulaniugunusevldogud (baseline) | inanA1sususyaunasiaunsaly | imdnndidaass chromoly (chromium-molybdenum

q o L]

a a A

fimumiend Weudte wasdunua | anuwdwazanuiiun1sdnusegs | steel) Ml unisaugunsenisnaniiviuisanaslv
I VR A = a a va ' = [ P < ' = vy o oA

FJauldudndeniuIsuilouldesd §Ua | nd1 ss400 Tuvmgiderdudenedl | anuulsgauaznudonisdnuseldfngalunguiivaaes
(benchmark) tivedausednsainnis | auaudinisiieuuarni1syud | uwidmsdianumieifismemnaiununssuiunsuas/
BTN “Auer” lunaauiy winngay ududndeniiauna | Wenedravunray Juduindendvimnsuiianineg

FENINUTEAVBNNUAZ ALY gnegmsldnumnniian

Faniasuussivignidenlfludeqtuidethuniiouiuian SCMAd0 wag S50C Aiflvurawiniufo 38x38x250 Taduns
wagyhnaaaesldeluanmmiduiiinnuimilounielndidssiuiloidsuisuussans nwiazdum Yagaduused
wanzaudmuiaSuLsiiuya nssenuuuTanaduuse fagui 2 TunsneaesuaznaaeyanasILIEs N LaT LS
Fotaniia 3 via wazidoudisaiaiBon YAWATA L-55 (insgiuaina AWS A5 1: E7016) fillnaausivusenisuani
wazdnuseldd lasvhnsdenfigumnlivunzanfe 140-190 ssmaidea (°0) insneaaedlinuaiauaziiudoyatilus
mslfnumdainnsvagouianieuussina 1y Yinadnsilsuninszisendnmsseniuunsvaaes (Design of Experiment:
DOE) fensiasefiAnakUsusiuwuuniaien (one-way ANOVA) wagdinsnenansvnaasinnmsasunawasdnyinduwuy
Hluyndshvyuifussavsamiievenonaluowan
1. Y9997997U39¥

1.1 Bvdnavestlaseumdenivainuare: snifedldfasananmuihduifnneuludndiniisnta fevay 100 uaw 50
Turnuduads sihvluanmmshousienadienuainvasann it Wy Vinuenuiy VNALAEFUIVRIBUNARY
viemsUuidouvestandu « dsiladomeariondmasdedarnmsinusefiuandeiy

1.2 msvnaeunInaussndum sl uiuuiade: Sdanmssdiveuazoadusznouosiuanizsa N3
Wisuifeunaluanmduvdemilosduiifissduanutu araudsestuiiu viessduszneumaeiiiunndrstu onald
nadwSivanuatEnTuLaAiuAwATeUAGUYDITaLA

1.3 AnwasSuRuiasusasmuuIninyeintsyn: leslusdnaduuuiumisunse Gevas 50 Tneuszunn)
wazuinafuadunseveivdu Gevar 100 lnsuszann) nsdiudsulildduriadefuiadululdonly
NAFUILAI

1.4 msvszgnailtinedamswsuusidy 9: uenwmdennmsidenliianiiunnsatuud Sdlmadanisiaiuusady 7
aifnEnIN WU NMsiAdeuRands (surface hardening) Wionsiennanfiauds (hard facing) maSsuiflsuuseansam

voviagidenliiumaianisiaduussdu q enadulsslevd

2. AUEIAYYaNIUITTY
2.1 WinYsgdnsnimnsvanu: msledanniianununiudenisdnuseaindt azdigananudlunisiisuiluya

9 U

ilAsesdnsanunsavinuliegweaionuariussdvsnmunnau annamenvina (downtime) wagtiiunandnlag sy
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2.2 msiaasdang: nudteiiidunslunisiaussdanuiifsiunginssunisinnsevestandng 4 neld
anmzmsvhaueds sududsslevidennsimnssuianuazenavnssuiiieades
3. IQUseaNAYa9IINITE

1) Wiolszinarsryaumaudnvesnsanusevesiiuyatsivauildnusiduanmmhaumilesauiiubnlud

2) \iodumuazyszifiutladovesTaniaiuuse 3 wila 1Hun SSA00 S50C way SCMA40 AfnanszyuReAMANTRL
auudaaz Ao sanvsevesituyntsiviu ngldinada DOE uag one-way ANOVA

3) WisSpuiileulszansninnisinergmsldnuvesituyadsinyuilasunmsasunssiedanns 3 via nelddeuly

3 9

N3LEUATT WeAUM AR UL AU

NUNIUITIUNITA

o

AnsanTAvanavesian (mechanical properties) lutladoddaiidmunnnuansavesiaslunsiumunssneuen
uazmsAnnseseniensvha Tnsewglunugramnssunieusiitugadosiuiusnssunnuazusadondoswodes
AuanTRvanTisnasoUszanEnmvesiiuge 1éun aammuds (hardness) uag AIumile? (toughness) Futsansnauastiis
AnuduNusiulugauna naipe ”a@ﬁﬁmmu%agaﬁﬂﬁumiﬁuﬁ%Linmmﬁu wagYaniwienniindauudanas
23, (3]

A anefa anwdunuesiansonsUAsusULIUANS WU M3TAvau msnn iensanuse TanRidauuds
geaznusienisannsouldindt udunuandandfyvesiiuyaiiduiaiu fu waznsiolaoass [4] wdnndrviasna
frnuudaunnsrsiunuesduszneumaaiiuaznszuaunsmnannaou 1wu $s400 Wumdnndrmiueus fanuude
(Uszanas 130 HB) wdfinuimilengs wanzuanuinluiilddesiuussdnnsenin s50C ilumdnndaueutiunans
Armufegetu (Uszann 180-220 HB) wavanansnguudsld mnzfunuiifesmsaunaseninanuufaaganumien
SCMA40 (AISI 4140) Wumdnndifiannuudsgs (Uszanas 250 HB) vieganinilesiunisouyy) uagillassadaganiaiils
AnusuvusiensAnvseuazusnszunnléF (5], [6] luihueaientu Ranjan [7] Mieudnmén SCMA40 ierunszuIuns
Gas Metal Arc Welding (GMAW) Tsifnennsudegeninianansueuiiluninfesas 80

o A

Al WuguantRvesTaniiusenisnuannsalumsgadundsaunouuaniin Janfiinnumiligaazaiunsn
Fruusanszunnd 9 Talegliunansin fadudlafeddluiiurafifesiunsnszunnaniuvionuuds [2] uiinfagiifana
wiegs 1wy SCMAd0 agnusensAnuseléd wimnuinanunies oraiansuanduluuinaveuitiliine Fudunsiden
Jandmsuiluyed wesrdsdsaugassminsnnuudasanuwmies [3), [6] nuan1sneaediuemidetagdu wuin SCMA40
fAnnuudaadogegn (Uszanas 249.5 HB) wagnusensanuseldaigaluannAuiifinsevudesas 100 Saduaninz
finnsouguusifian vaed S50C Wnadwsiialusefutiunans way 55400 fanuudswianuardnusaisiian (4] wadwsi
aonndesiunguiinuauiininareandnndt nanfe anundiigiuniedivaumumudenisdnuselaenss Tnsany
otuyevinnuluanmiifimsidendaa (77, [8] egndlsinm armiervesiandsnstiunumdndny TaeTagiudanniuly
91951 FadsfiansunniseusunieiadeuiiiieUsuauga WU NTEUINNTANTYU (tempering) 1138 case hardening

Wiald SCM440 Tapnundawazanumdedmuungaudnsunisidausadiodunilaads [9]

+
v

n138n130 (wear) veefluyadainyuinann1siuaeliusidonniuwasisainssunng o senitaiuiialaneiu
auMARY 318 wariuluanmuindeuninisinnseuas nalnnsdnusevesianudazalindunnseiuluniy seduszneu
1Al (chemical composition) kaglAseasnagania (microstructure) vasan [10], [11], [12] Feanunsaasunalnnis

dnusevesianuaasuiinlaninisned 2

38



N
,5\6" Y Journal of Engineering and Digital Technology (JEDT)
Q:E/DTP Vol.14 No.1 January - April 2026

o~
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miﬁﬂ‘mﬁqmiaaﬂLLUUi’ﬁQﬁW%'Uqumﬁ:qﬁmuﬁatﬁuﬁa%’aﬁﬁ’l vigiur]’liﬂ%ﬂﬂidﬂi%ﬁ%%ﬂ’mﬂﬁ‘VTN’]'u“UENLﬂ%‘l@ﬂ{fﬂﬁ
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ynenadng ilfaunsoiuuaneedindaviogrsmaguulsituyaldsniuasUssviacuuszanamniy

og1lsfiny wiazlins@nuidfgiAerfuianesuusmansvia uiidilvoriidunshanudlednvazians
gasnsannsenelddeulonsldnuiinansieiu sudin1s3eszideaEda 1wy one-way ANOVA fianunsaldiiioUssiiu
nansynuvesladeeng 9 [14], [15] wenant daimedefitiugrinnsldiensiwnyanlunisesnuuunmaaeEanga
Pl dnadnsiududmasfulsslonilunisdaduladesnmadonan [16], [17] maysannmsanudannsinyivad
avuandlifuisenuddyesfaguagnszuiunislunsviitugeivanzay uwidsdinsfnwiitesasauiefudafoanzd
ansndssasenisdnuseesudniaulunsazviavesian namaaeudsransamiuansstuneldFoulunisnasiis 4
[18], [19]

TunmsAnnifsdiansjimnaiieduiurosia lnsnsdmnaguuuumsdnussuaznismeassiangiaiuusdduitugadd
myusanuvin wiolinalianseonuuunamaaesiiolfaunsolnseinansenuldodsauysal (20, [21] Anumang
uazANudAgassAnu i fivsusstaelunstauussansnmuesTaslufiugn widsdmwansenudegaavnss
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1.3 maasuusmeiaguuuiay: vnlianaiuusmga winin uazdnmse avainanmsidenlillduasgiuuasmdn
wandienaudaduly Basudlatymaeldandounusienisuaningie YAWATA L-55 vunn 4 faduns fgamily
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3.2 Jupeauil 2: vinmsmdnauaneananiudetsuniawanntudillldesiiueadsivyuliuazazoiniian ieiiag
Aasiamaniaiunse uaglunudeunfdewidunuliazenigadsgud 8
3.3 Jumaudl 3 ihiluyedeivyuunlioufafanan Tngldandion YAWATA L-55 lun1sidentuiasdoutiouiudounwn

2EUBY 3 LU LHDIINANUVUIVEITUNTLLALNINTFIUNTTEU (WPS) Asgun 9

uvasia: Usen avnasa vy 9198 (mv)

v
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4. n159anuuun15MAaad (Design of Experiment: DOE)
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4.1.1 Jgym: ms1auanaAnuudevesiang 3 4lia (SS400 SCMA40 uag S500) TnefiseAuninuuds “f1” uay “ae”

o

VD IUARL TEH0)

o ' <

4.1.2 Smguszana: 1) ieAnwdvisnaveswintansamnuudwesian 2) wewSeuiisummmudesenindtanusay
wiaftsziunmudeinaty (uazae) 3) iesyyTagiiliaeuudsgeanrsemannusosnisluuiunyesmsesniuy
HARAUIYTONTEUIUNT
4.2 Supeuil 2 msidentlsy seav uazveUs (Selecting Factors, Levels, and Ranges)

4.2.1 tady: Aidesnsfnurindinasenadwsedisls Mmualiitadevdnde “vlnvesian”

4.4.2 sy AmFednvauianizveusaztadefiaula “viavesian” 1 3 sediu dun SSA00 SCMA40 uay S50C

'
v o @ £%

4.2.3 99UiYe: S9U “ITAURN” Uay “I2augy” vesmnundadmsuusas TanseiSnsvaaeunnuudvesiansie

1A3833AALLTS (hardness tester) $u MH600 MITECH nan1sinmianuudavesianuiasyinuaznisseusyaule

fIAN519N 4

a o
A19199 4: msmuanady

. AU .
Uade —— - iy
ITAUNT iZﬂ‘UE‘j\i
rundean SS400 A 131 133 HB
Auudedan SCMado B 241 258 HB
Auudeian S50C C 180 220 HB

a2
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4.3 Supouii 3 msidensudsuadns (Selecting Response Variables): fauUsie “anuudse” Tngldunsgrunisnageu
MeIonAgeaU Brinell (HB) mudnwuyian

4.4 Fupouii 4 msiaengUuuunIsnmaed (Selecting the Experimental Design): "fuaaﬂiﬁui’mqﬂizmﬁLLa:ﬁwmuﬂaﬁa/
s Mndeyalumane @adoiden 3 sev) JUkuuMsvRResivzaueadunsvaassiuuadeifien (one-way ANOVA
or single factor desien) 1) iilasaniitdeiiende “yilavesian” 7Tl 3 52U (55600 SCMA40 waz S50C) @nunsaldnis
nassuuuiidefenienoudouanadsanuudessinganisaueinld 2) maiudeyarnuudsdmsulanuazaiin
Tngo1aariinisinen (replications) dnduusazadn ieriiuauundedovemadnsuaramnsarhnsinszsimeaanle

v ANOVA

5. N15UATILYINaN1NEAT ANOVA

msinuaneSuuswesituyataivay Wuduneuiiddylunssuumamdmnssmansuazineimans Weldlums
Usuusauilanasimunnszuiunsudn uasguuu one-way ANOVA iunildluiBuasmsesnuuunsmaaes daduisnis
mimeuresagaiuusfiiiussaninm uansdunounisThauuasaruduitusszrinafuuslunsyuaunisoonuuuns

nAaBY waztilofiansaundudsdmiuTanasunss 3 alia dagun 11 wavanunsadnnulansgun 12

Interval Plot of Anauds vs an

Factor Information . 95% clfor the Mean
Factor  Levels Values
Tds 3 s50c, scmdd0, 55400 =0
ng 200
Analysis of Variance w0
Source DF AdjsS AdjMS F-Value P-Value 100
@ 2 139203 6960.2 22.06 0016 o 20 <5400
Error 3 0465 3155 o _W!
Total 5 _I 4 B 6 ﬁl 8 The pooled standard deviation Is used to calculate the intervals,

JUT 12: M3nszeing interval plots Auudeiudan

U

selusunsu Minitab Statistical Software 22.3.1.0
Model Summary

S R-sq R-sqladj) R-sqg(pred)

Residual Plots for aiaudi

1 T.T523 93.53% 89.39% ?4.53% Mormal Probabiliy Plot Wersus Fits
fw 3 .n—s —————————————————————— i
Mea ns ! 40 an o an 40 - 150 "l|.l| 50
- ) Residual . Fizvad Value
eI M Mean 5tDev 95% Cl s Jorse O
s50c 2 2000 283 (1000 240.0) an
scmdd 2 24950 1202 (20953 289.47) z & 3
=z400 2 13200 141 (92.03, 171.97) g 3 _
Booled StDev = 17,7623 e e T e
Rezidual Obzenvation Order
U 11: M5AATIgviNan9adA ANOVA Ul 13: M5AAT1evina residual plots dmsuenauds
selusunsu Minitab Statistical Software 22.3.1.0 selusunsu Minitab Statistical Software 22.3.1.0
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'
' =

a 6 1 = v ' v o o o ao v & 3 Y
WNANT1TILATICYIAN ,o—value = 0.016 BIUDHNINTEAVUYAN UNNINUN (a = 0.05) LLaﬂﬂI‘WL‘Wﬂ'ﬂﬂ']LQaEJﬂ'J']ﬂJLL‘N‘U@Q'Ja@

o o o

MszautedrAymily) amnsoagdladn danuunndegeddvddgnieads nanfe vinvestangdutafendmasie

°o v aa o

anundseensditeddgy lldinananudaudey sgrslsiniu dldna1aluuds msitduddymeadfdaliiisme Suluses
HsarUIAveINansEnuieyihaudlafsaudAg el iRvesaunnnsnel
Partial Eta-squared (n? ) %38 Eta-squared (n?) luuTunves ANOVA, n’ vendadiuvesanuuususiludiuusaiy

(Auuda) anansaedugldmesuusdase (Jag) anunsadiuan n? lanmasns ANOVA sieasidendsaunisi (1)

5 Adj SS for Factor  13,920.3
n* = =

~ 0.9363 139 93.63% (1)

TotalSS  14.866.8

n3fAL AN n? = 0.9363 Wiesewaz 93.63 LUuAfigwn Taaenadasiuan R-sq lu model summary aneAwd

a

Uszannufesaz 93.63 vasrruulsunuimualudanuudsannsneiuieldfeeinvesian uandliiuhainvesTand
Svdnasgraunnseruud wazduladendniiduindounnuuanewesmnuuddidanaiu

NULUINNNTAANUYBS Cohen 1) N? = 0.01: NANTENULEN 2) n? = 0.06: HansenuUIwnas 3) n? = 0.14: Hansenu
Tuig) A1 0.9363 ﬂy’uqm’j'}mm% wanszvulvajann uaasliituie mansevuiiivunslvgiunn (very large effect) vasuiinan

HOAULT

6. Cohen's d dmiun1sifsguliiguunazg (3MNITIUTIULTEUNIEUAY; Post-hoc Tests)

faugivgliilinadnsves post-hoc tests Inanss uiaunsaA1uan Cohen's d Ingldradeunazdiudsnuuninsgiu

@

59U (Pooled St.Dev = 17.7623) LiloUszilluruInv0IAULANA19TENINAT0Td0 ansnsarwialeuiisug Taguay

a ¢ Yo 4‘
amiwwwaimmmﬁwm 5

o v

M15799 5: MsIeuiieuusiaeeiagaieds Cohen's d

dil 1: SCM440 vs. SS400 g 2 : SCM440 vs. S50C gl 3 : S50C vs. 55400

Mean (SCM440) = 249.50 Mean (SCM440) = 249.50 Mean (S50C) = 200.00
Mean (55400) = 132.00 Mean (S50C) = 200.00 Mean (55400) = 132.00
Pooled St.Dev = 17.7623 Pooled St.Dev = 17.7623 Pooled St.Dev = 17.7623
249.50—-132.00 249.50—-200.00 200.00-132.00
Cohen's d =— Cohen's d = Cohen's d =
17.7623 17.7623 17.7623
~ 6.61 ~ 2.79 ~ 3.83

A d = 6.61 10U mansgnuiiduwinlngann
LAAIINAIULANAIIVDIAINN BT 52NN

SCM440 uag SS400 AANMLTeuas SCMA40

WuTuegsiipddgiioisuiu SS400

A d = 2.79 Sspadu wansenufidvunlng
1N uanei1 SCM440 Tiaraiudaiigendn S50C

P
aeiledAnyludieUon

A1 d = 3.83 Ay nansynufidvunaluglann
wuiy wanedn S50C Tiaduudangendn

$S400 gty Anyludel un

N133189UNATUINVBINANTENU (effect size reporting in psychology) lanmuatnaeiviludmsunisianuaiaun

YaanansynuluuIseLdeadalisal

n? = 0.01 “u1eD HansENUILIALEN (small effect)

n? = 0.06 MR NanszuIUIAUIUNa1 (medium effect)

n? = 0.14 wueis wansznusuang (large effect)

a4
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dodsuilsutunansinsgiluniddod m? = 0.9363) nuieglussiviiganiunasinanssnuualuamaenh
Fednu mansznurnalvajinn waraenpdestuuuImnTinsgAdaiRnseyindiifundt 0.14 aunsadasglusedu
“fiavsnangraniunaU{ua” e [25], [26], [27] wonaN TudmuesnsALINAN Cohen’s d dmsumsiUSeudiouus
avdvestan (1519 5-7) Alfinauisnnsguioddtu Tedreden Gatmual il

d = 0.2 — WanNIENUIUIALEN

d = 0.5 — wansgnuIwInUIUNaNY

d = 0.8 — wanIENUIUIALALY

TneAnilaluemAdotl (u d = 6.61 dmug SCMa40 vs. $5400) uamsiamansenuiisivualvajsnnludeUfin defuayu

PR )

Jeaguiiuafiuanuuandsideddyiateaiiuasnislgnuass

o

7. MINnday Tukey's Honest Significant Difference (Tukey's HSD)

191 q (studentized range statistic) lun1sAuin InegnsdmsunisAimel HSD fsaun1si (2)

S
HSD = qa,dferror,k X \/_ﬁ 2)
17.7623
HSD = 4.60 x ——=— = 57.776

V2

W8 qy. ., A8 A1 studentized range statistic NsAUTEAIRRY o = 0.05; dferror; df = 3; IWIUNGH k = 3 LA q ~
4.60 (Aonauansneiuantoetuegiunsadild)
S i pooled standard deviation (17.7623)

n Ao I esangy (@aluiilae 2)

nsiSeuiisuanuuanenivesradeiu HSD auiUSeuiisuauunnsduysaivesrndeudazdiuan HSD NA1wIn

a o

16 ¥ |Mean, - Mean;| > HSD wansidanuuansiseenaditded1fty awnsaundiouiisugiaguariiaseinalang

(5]’15'1@‘17‘]' 6
M 6: MaSsuiTleuusaze andaeds Tukey's HSD

gl 1: SCM440 vs. S5400 gl 2: SCM440 vs. S50C g 3: S50C vs. SS400
= |[Mean (SCM440) - Mean (SS400)| = |Mean (SCM440) — Mean (S500)| = [Mean (S50C) — Mean (S5400)|
= |24 9.50 - 132.00| = 117.50 = 249.50-200.00| = 49.50 = 200.00-132.00| = 68.00
wW3guiileu: 117.50 > 57.776 wWlsuiiu: 49.50 < 57.776 wW3guiiieu: 68.00 > 57.776
SCM440 wag SS400 TAuuanAIweInIIs | SCMA40 wag S50C lafimaunanen9ees | S50C wag SS400 HA1ULANAINUDIA2 1M
wisedsilfoddaymeain auudegnadifuddymeadnfissiu a = | wiegeiteddymeadn

0.05

8. N1sMmday Bonferroni Correction

zUTuszauteddny (o) dmsuusaznisiuSeuiiieu wieaiuAu Family-wise Error Rate 1u3uA15UTeULB U

Jululg (m) eaunsii (3)

_kk-1) (3)
2

3(3-1)
2

:3@'
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FEAVUBANMYNUIULAT (0 forroni) PIENNTTN (4)

[04
(aBonferroni) :; @
_ 005
T3
~ 0.0167
MM INAABU t-test dnsundazauaviUTouiieu p-value AU Qgon ferroni = 0-0167 Asaun1sil (5)
Mean; - Mean,
t-statistic: ~ t = 1 1 (5)
S [—+ =
N Ny

o

degrees of freedom (df) @115U t-test luusiaze Aa dfeor = 3 @A WIMUTBUTIBUATARLAL IR IZHALARY

M13199 7
M3l 7: Mslpuifieuusiaze Jangeds Bonferroni correction
dil 1: SCM440 vs. S5400 ff 2: SCM440 vs. S50C g 3: S50C vs. SS400
. _ 249.50-13200 . _ 249.50-20000 . _ 200.00-13200
- 1,1 - 1,1 B 1,1
17.7623 E+ z 17.7623 E+ z 17.7623 E+ 2
~ 6.61 ~ 2.79 ~ 3.83

Adf=3 ft=6613 p-value (@oeQ) 71 | 7 df = 3, A1t = 2.79 & p-value (@89119) fidf=381t=3833 p-value (@8119)
M1 0.0167 11N (0991 g o170 A28 | BYT¥WIN 0.05 §9 0.10 (Uszated 0.06-0.07 | egfszwing 0.02 fs 0.05 (Uszanas 0.03-0.04

AN 6.61 11n) 919194 t-distribution) 4gend1 0.0167 | 9514 t-distribution) Fegenin 0.0167

SCMA40 wag SSA00 FAULANA19YeIANN | SCMA40 kay S50C luflAanuunn@19ved | S50C wag SS400 ldfimd uumns19v e

°o W

udsegnsildoddgyneain Aukdsediivod1dgniada (Mszdv | aundeegrefideddgyniada (Aszs

c

QBon ferroni = 0.0167) Olgon ferroni = 0.0167)

NANTTIAYUALNITBAUTIUNA
1. aAUTIEHANNEDA
1.1 5 post-hoc tests: anita Tukey's HSD wag Bonferroni correction Iedoaguiindrefuusfsianuunnsisiuluuis
Uszifuflosnnanudunnvesisng
1.1.1 SCM440 vs. S5400: 1) Tukey's HSD: fanuuansinegwiiiedAgy1sana (117.50 > 57.776) 2) Bonferroni:
fimuansnsegelifodidymeadi (p < 0.0167) Inssaedislinadnifiaenndoatu Ao Yaq SCMad0 fnuudags
A91 $5400 eesiiedAynIsaRfesedniay AuuanAsTeIAads (117.50) fuwialngannidefieufuaudiumnn
vostoya Feaonadoatunmsiamuiavessanseny (Cohen's d = 6.61) Aldduanlinounthil vedimadenld¥an
aosviniiazdmadenuuddudafoiesiann
1.1.2 SCM440 vs. S50C: 1) Tukey's HSD: laifinasmanensegnsitodAgnieada (49.50 < 57.776) 2) Bonferroni:
Liflanuuansnsegredifedfameedn (o > 0.0167) Inededislinadnsiidonndasiuin ull SCMado 2firnade

ALLD9EINI S50C wAAMUUANAY 49.50 Mireiudilifioidfeddymedfdemunudnmanuiianaind msuraty

malFeuiisunan eg19lsinu WeRasanvuinveswansynu (Cohen's d = 2.79) Mluvwialugunn anuuaneigi

v
= = <

anadaimnuddgludsfifimniianudesnisauuifiguiisndnieeniinanonisldenu
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1.1.3 S50C vs. §5400: 1) Tukey's HSD: fanuunnsingegeiiiudAgyneaia (68.00 > 57.776) 2) Bonferroni: Laidl

1 1 a v o w aa ) [ 1 1 'y | aa . &
ANULANANEE 1 TTEEAYN9adR (o > 0.0167) lngnadnsdmsuaidanuuansieiuseninaesis Bonferroni 1y

aaa v ¢

Tneusnulisundn (Duwandy) uasnuiliidedday luraen Tukey's HSD wunlided 1ty AnuwANsIvDIALREY
Ao 68.00 Mty F99Nn153ATIZ9A Cohen's d (3.83) fardunansenuifivwalugjuin dsiu TumslfiReranailadn
S50C fimuuTIgendn SS400 ag13dmau walunvadiidienisniunuiiiiusinves Bonferroni fanvaglinuniny

WANEN T99719LARNVUINFIDLNTILEN

Y @ 1w

1.2 dmsunsilFeuiiguanade sena19dan: SCM liaafiogaan (249.5) natigliiiuiniag SCM duuiliunaglviean

q

°o o a

Ve UsNInganintanau o eg1etaau anuwandsegliledfy n1sien F fideddynieada (o = 0.05) aduayuy
JadunminAnuunnaswesreissenisianiulilisesdudy dnanuiedu (Fevar 95 C) lideuriuiuuin Wewin

o

Fuanudeiuiilideniviu visdowriuiutesunn Wundnguiiaivauuiriaioveusasnguiagiianuunnsieiu
agauasdlulszyng msdouriuivvesinanuieiudesusinanuuandsndunalatulianuaiosuazliinasiin
1NANURULUTVRINTHUAIDEAIFUN 12 WaraINUN 12 UHunIY (interval plot) Aansiienudediuiosay 95

dwsuAadevesnunlavesianiis 3 gila anunsadesizinaainnwlacl

=

1.2.1 SCM440: Tigpiuansanadevosmnuudsegivszana 250 Faduriedsfigefigailefisuiudnassian 91
auidesiufenay 95 usuanmunataLARou (error bar) AU SCMA40 oeflutieuszana 210 fs 290 Fasdideuiig
e wansisauuususuresteyalunduillussdunis agrdlsfioy dumuideuilivudeusuisamuieiues
SS400 aEedALIY

1.2.2 550C: figpiiuansrnadsvesnnuudsogiivszna 200 Fsogsminadiaderes SCMAA0 uaz SSA00 A
\HoiuSoray 95 dmsu S50C eglutisseanas 160 &1 240 FairpuinenafigaluussaTanisan wansihtoya

AuLdsdmiy S50C fmnuuususiuanniign

' '
a =

1.2.3 55400: fyafinanianaisvesniuudiegiivszana 130 Fuduaiadeiidfan Hennudetuiesay 95

dmu SS400 aglugasszanas 90 fis 170 Frelianuniauiunans wazliiudeutiudisainudeduves SCMA40

28719UALAU

v
Yo

1.3 MFATIZINaenAIAINARIMAARY (Residual Plots) #m3uaamuudle: 105Ul 13 annsaagulédal

1.3.1 wionAmexdiuand (Normal Probability Plot): yavestoyandendiainunainiadey Sewnlndidss
furdunsdlunuimueyy 390591 niondnrunaiaiadeuiinisuaniasuutn@ (normally distributed) ausfgiu
Besmnuduunivesteyalunisiinsizsi ANOVA lésunsiiudu vildmsasunansnaasuiimnutindedie

1.3.2 wienmnumanndouieusuaiviuele (Versus Fits): yadeyanstaremuuuguseu o wdugud (uny
uew) uarlafiguuuuiidaou (gu Unsinse Tdsse vienguriou) uandlviiuitauuysusiudeyansil (constant
variance) #13819un1gAMALUTUTIUI Y (homoscedasticity) Faululunudeausfigiufidrfyveanisiiases
ANOVA

' 4

1.3.3 nmidalnunsu (Histogram): n5iulAsgUsesls (bell-shaped curve) uaragRanansitrngud (0) 1unns
fududnadyh wienranuemandouiinuanuasiuuund waenndosfunarnwienauiaziduusng

1.3.4 WAonAIMIINARINAGEUTIIUAUSIFUNITANUAR (Versus Order): A9doyansza1eMIogsduAaeaRuILNL X
warlifisuuuuiiduszuu Wy waliundundenas vsuendn lifiauduiusseuitmdonaiauaaiaiadoudy

avunmaiiudeya wisldfidninanndusildldniuandaiavuniunm

ar
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2. 9AUs1gsanIsnnaad

MNNITNAARIENNTIATURALARIMITINsUsEEIuNsEnrsensen1stonT seiuynuessaYn Uit fn1sev 8

M15199 8: M3Uszdiun1sinusevisenistenUrailuyavessaynteiviyuy

4 . oA Ly o @nuz | n1sUuwes | Service Meter | daluamsvieny | Anadedaluenis
%A a4 | Juifeu/d Rens-duge (x) v o g o a
wuInuY 318 (%) | Units (SMU) e (hr) NN9IUADIY (X)
1 S50C 28/08/2024-05/09/2024 Aulunsiy 50 38631-38517 114 12.6
2 SCM440 05/09/2024-10/09/2024 Audunsy 100 38677-38631 a6 7.6
3 SS400 12/09/2024-14/09/2024 Audunsy 50 38730-38696 34 113

WIEe: YIkIaNARs-FuganI sty 24 FilssdeTuunua x uasdilienroiauismaunuse hr lnevianadedaluansyie

o o _ hr ¢ | o
goiumlaen x = - Fla9907U

MnMAleTginansvaasanuiniag ScMado fnrsvianluanmwihAudiiinedusgiosas 100 wazddaluanns
vhaoutfesndn S50C agnamn (46 Falus isudy 114 $lu) wagdan 55400 iawluanwniidufioatu S50C Audidl
yeUuagdosas 50 fdlusmshaudesnit (3¢ $1lus Weutu 116 $9l9) Ustintag SCMAdo fanuvurusionisin
wsoAini1 S50C meldaninuindeniifinisiansougs mnfiansanandanmsdnusesedalusnsiau anmmihAuddl

n31elueguIniinadednsINsAnvseed1elided Ay wardag SCMA40 aradianununiudanisdnusenaniiaiele

anmuInReNinnToug

dyuna

o w

mlesgimsaiinuiviavesiagdutidendnfdmanonnuudwestunu lnednnuddynivadfas (p-value =

'
= A v o o

0.016) wazdvuIAvaIansENUNIUguIN (n? ~ 93.63%) Faureinnuuanasidtedd

a va o

lugaudus Jan SCM44d0
TAA1AIUUTIEIEA wATULANAIIAIN SSA00 egelnbdAgyimadAvaziBelfuRegnataau luraei S50C udndn

<

SS400 agnlitedAg B URWURY BadinsiUSsuLiBusening SCMA40 fiu S50C wag S50C iU SS400 axiivaTnue
Tusa post-hoc tests U uivuAvemaANIznUTigesnsdusuisanuunnsaiifinnumnesomslinuade fudu el
aenndeafuinguszasdmaiiuanuudsnisidonld SCMa40 unu $S400 FadumsindulaifivananisadfuaziBsUfon
08198

Anuufeiigees SCMa0 aepndosiunmantddumunisanuseuuuianieudiginit ded1edaldarnuanisnaass
wideulunsvhnuazuansneiulag SCMA40 ﬁﬁﬂ’}’mLL%QQQE‘!@G’TQQLN%@/ﬁUﬂﬂ’]WLL’J@E’{E}Mﬂﬂiﬁﬂﬂf@uﬁjuuiﬁﬁﬁjﬂ (1318
UuFesag 100) luvaeil S50C way 55400 vhanluanmgiidnseuudesas 50 Msfl SCMA40 SapsiiszavBamitanield
anmednndoufisuusiniedidnay Ustisnnumumusionsinvseiiuinnd defiarsanidnsinsdnnsesiiugetu
sgnafituddnluanniunsiedosas 100 nan1sMAaBsaEuTuI1 SCMA40 Saumumusiensdnnserndt S50C waz

$s400 lnanzegndsluaninwindeniifinisinnsouas SaenadosiunanisimszinnuudmiadfuasBujus

a a

NARNIIUUTZNA

a a

YBUAMUTEN annadaIvduum 910 (L) Newasendilusnsviinuveuniadnsdmsunuynruntiausaye

wﬁmu lemma Yniusiy sums Imnsaruauny LLax@mzﬁ YITOA HILNU ﬁmﬁ’m’mﬂmm mﬁmmaﬁuaquﬂﬁ

naaaarUayaluaiduaTail
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Abstract

An electronics manufacturer experienced a high failure rate in picking up integrated circuits (ICs) from dicing
tape at 43.5 percent, leading to increased waste and production costs. This research aimed to investigate the
factors affecting the IC pick-up process by applying discriminant analysis to classify the workpieces into two groups:
good and defective. The study also sought to identify the optimal values of key variables contributing to defect
reduction in the inspection and packaging processes. A total of 180 actual production data sets were used to build
and validate the model. Predictor variables included needle distance (X;), vacuum suction force of the pick-up
head (X,), and vacuum suction force of the dicing tape needle (X5). The analysis revealed that the two key factors—
needle distance and vacuum suction force of the pick-up head—significantly influenced the success of the process.
The model achieved 95.14 percent accuracy in training and 97.22 percent in testing. The optimal settings were 502
micrometers for X; and -0.55 millibar for X,. Additionally, the suction force of the dicing tape needle (X;) was
recommended to be set at -0.15 millibar. This resulted in an average proportion of IC pick-up failures decreased
by 13.25 percent and the average number of IC that failed to pull up decreased by 43.36 percent that leads to a
disposal cost reduction by 48.25 percent.

Keywords: Defect reduction, Dicing tape, Discriminant analysis, Integrated circuit, Pick-up integrated circuit
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wungenlulszmelng uazaiediaesdmiuneinsalanudumameinisiuarmilagldisnmsieseidnuunngy wui
1l 4 fhuvsviunedidmadenisiuunnguiinrmgniosesnsveaeuaunsanifusosay 92.86 ludnuneifioatu suins
Fuiniggadl [21] Idimadedurldlunsneinsainnudumaimanisiu lneldinsieneiduunnguidstunou
(stepwise discriminant analysis) WilafaLdenfuysfivanzaniigadmiunisarsaunisneinsel waganusaduunngsls
ogaiiuszavsnm lnefinnugniosweimsvaaeuniiiuiesas 73.8 wavaugniawesyateyavaasuayiisosas 78.9

TuniAinumsnssa Thonglor et al. [22] Idihdeyaduau 120 Toya wazmsraaoum NNz aLTesaINsAsTAUAIY
Foifudoray 80 Lievhusyiinahuimeshilauidneglunguinliihuugavdes TasiSsudsunadnsannns
1515 TIgRILunNguAUNTILATIENIsaRn el uuaaTaAnuuund (binary logistic regression analysis) Wu31
AnnugndesilndiAesiu Inonsiiasiziduunnguiianugniesiesay 65.0 luvazfinisiiaszinisannesuuy
aedafnuuumilanugneesiesay 64.2

Tugun1suan Yootha et al. [12] Idinisiesesisuunnguanuszgndldlunssuunnguiueruinduesivieves
Beuiioansiuauvesdslunssuiumsfsniliwanaiin Tnslddeyamesaiaun 180 fifudsdaseionmn 3 fuls ua
FuUIAU 2 MUUs LLaz"Léffi’mummﬁ‘hLLuﬂﬂq'aJL“f’JuLﬂmm“Lumimmﬁmmsamad{]ﬁlé’sLﬁaﬁwlﬂﬂ%’uﬁmﬂ%mé’m

wonnil Preme et al. [23] lafnwNTinsgdTlunnguLasN1TIATIERNITanaeeLUUaDIaRN (logistic regression)
TageBunsinmsissiduunnguazaiauuiglaglidoyaiifinisuanuaauuund dunsiasgsinisonnssuuy

acaa ' !

aedafnduisndandgunindildduiudoyates wazdeyaludndudedinisuanuaawuuund wag Liong and Foo [24]

q

Ifesuginnmsieszidiuunnguazdemaaeugadeyanouinluaunfgiuvesiiuusinisuanuasund uazwmindaay

wUsUsausmserninnguaeariiu vnliduluauderdmuadinainisinszinisanaesuuvasdafinaziinnubanguy
1NN Lwﬂ%'naﬂuﬂﬁﬁﬂmmmﬂmhmﬁmeﬁﬁ‘hLLuﬂﬂfcjaJLﬁaﬁummﬁaashuﬁu%(u WaZNITIATIERTIMUNNGuT AN
andsgetudiodoyaifuluauannigiu luiusnieafu Mustafa [25] IfUTsuifisunsiinsedduunnguuaznis
Ansgrinmsannesiuvalafniutoyadsen1sraenlnenIsHIfnAREALALNITARBARINSITUTIR NANTIATIERRARILY
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wiuhmsieszisisunnguiianugndedunisduuninniinisiesginisanoeswuuasiafnanties Aadusevas 87

Larsouay 86.1 AUaNU

'
a 1

91NN158BATIZANUITETIWL NuInsieszisuunnguluniasdenvadnnlasuaudeulunisneinseluay
Fuunnguiulsanu (V) iidudeyaidengu Inefnsussendldlunainnaleusum 1wy msnensalaudumaimienistu
Yoriamng [20], [21] nMsdnwunUsunaiualuvisulaug [22] uarnisAnwenvesdelunseuiuniswdn [12] Inedideduns
Fsmsilinansduwuniiviug lnsnzdeadoyadulunuanufgiunisuanuasuuuuni [24], [25]
MelAusunuein1nGn 99T mdTeetuilifnwladendmasonsunesymeenannusessunmsialunszuiunis
5 3 J 4 = a a Y v o v ! <@
A3IRERULAr LTI Tneimunlinisessiuiliauvun 0.85 Tadiwns uagldiuusviune (X) laud szeeidu uuuimn

999 Ogasawara et al. [16]) 4539AdYQIN1ALDIITUIRTTI [17] wazusegaagaIn1AveRdunainlsossunisen

v
a = LY !

Faiuhuvuluanddeatull dudwdsany (v) fe nsdwundunguusiivionguuedds auluIvewed Yoothai et al.

£ '
a o v =

[12] visll falvinnuddgiuaunmveninasyiuidedifinanudsms [19] wasiinnsandnvusteyaoswundideuly

o q

YBINT ATV MUNNGY [21], [24]

q

¥
o

faly Wl HENNISaT L UNLAENEINTAINAYDINTLUIUNITAIINITTINEBNNNUTBISUNSHR breuug $113deias
Iidszgndldnmsiiesgiduunngulunisadsaunisnensal nieuiameafimangauvesinusiu wieldlunisaivay

nsyuUNSHENIATUsEANSAMEWY warandIuvedeNAntulunTEUIUNMINTINER ULALUTIYA U

= ada v
ITLUYUIBIVY
1. 3501599809
dmiunuideljadudunaunisfanssesnatnnisasiumsdaliesainliaunsatineesufsenanmisessu
L% ¥ o @ 1 ¥ o 1 % L% al a 14 o ¥ a A = é’
nsdnladnse demaliiuinesnugnadudnssuiumsdaluiiviinadesas lneivualivesd fie 2995530gnRAwY
NavuacawHy (L1T19959 B ULnUsaIduUNISHA) LaEMINNUNITTINTALERUUmMUTRISUNSFARaz il nduveuds

[

Aagun 5

JUT 5: vesfuazvonde

MsUTuUgINshnsasTmeenanmusessunsiabiiiuseavnmiuedfulade Awelull svedu (X)) ussgaageyne
Y0IMITUNITTIN () wazusegaayy N aveduunanlsesiunisda (X,) mnawnsaauaudadedsnaidldagyinli
UsgvEnmven1sinsasTseennmnuseuiunsiniiuinn iy Suiwvesdeanas dwiutimadeyavesiuusinng (X)

wiazUadegninnunanANuaINsavetAIBdnsfiansanndun1sHanlaase dannsei 1
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15199 1: Yravesyadayaiiulsvinneg

fuusvinung (X) Yyndoya
X 400 fi9 600 lallasiuns
X, -0.35 f14 -0.55 faduns
X5 -0.10 919 -0.30 fiadu1s

Nnmsimunugadeyaiiiodiasgiaumssuunnguliviinissiusudeyastrates 10 hvesd uiuduys
vuneifionnuusiuglunsaiaunis (12] fdumadedidsnunutoya 180 Yoya Tnsulsadoyasenidu 2 ga léun
yadoyad 1 Mdmivadsaunsiesziduunngy Anduiesas 80 vie 144 Jeya uazyadeyail 2 Tivaaouniswennsal
mnaunsiildanyadoaii 1 Anduferay 20 w3e 36 eya uazdmuadutsnu () iWulssianvestunu Tezuisld

< ' A ' a o 1| ' a o & [ d'
vu 2 ngu Av ﬂqmamﬂ’mummmu 1 LLaxﬂqmaqLaamwmmLUu 0 ANMNT 1N 2

P > Y o
AN 2: Sqmaaﬂamt,l,ﬂimma

Uszinnyadoya andudeya (N) Xy X, X3 Y
1 510 -0.47 -0.14
2 555 -0.47 -0.18
Yndeyaasneaunis 3 545 -0.51 -0.25
144 450 -0.46 -0.21
1 550 -0.45 -0.21
Y 2 410 -0.36 -0.22
YadoyanaaoUaNnIg
36 445 -0.40 -0.15

2. 3515398

msnraeudeuliiuguwesmaaiisaunisiinsgisuunngulduszgndlilusunsy feluil

1) A59980UN5HANKVBIUTYIIUNNEY (X) IaelY Anderson-Darling niaaeudiinunfvesyadeyavesinusinung
(X) lagld Grubbs’ test n519@0UANMUFURUSLTLAUATIVOIAIUUTIIIUIEY (X) WAEATIABUANUAUNUSLT A UNN VDG
wUsvine () wazlivmeanfivsnzanvessiaudsyiiung (X) fdsasesuusmy (V) Tneldlusunsy Minitab 18

2) Uszgnaldlusunsy SPSs Tunsesivaeuunindanuuusysiu-anuudsusiusiulagld Box’'s M test nsiageulng

NSNATUNNNINFANFURUS MAINATMUNNGY kaTaTEaNNTIATIRRTHUNNEGY

HANI5IBUALN5BAUTIENA
1. wan1sasIvFeuidaulyiuguvasnITinT T IUNNG Y
thifeyaail 1 imeasudeulafugruiielddmivataunsiienesisuunnduiidoyaiomn 144 doyausznoudengy
4097 (¥ = 1) 68 Yoya uaznduvonds (Y = 0) 76 Yeya nanmsvaaoudouluiiugiu wanadeelud

1.1 N19ATIVTOUNITUINUIF UYL (X) vatedauysisedudsang 0.05: Insnaaoufuusvitune (X) vesusias
nawsauUsea () Tnstmundommigil i (10

Ho = siuUsvinune (X) n1suanuashuuung

H, = sanusiung (X) ldladnisuanuasuuuunf
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WaRia1saen p-value 11N31 0.05 NA3 fanudsasuladnduusyiue (X) ndadniswaniaseuulnivalefiuys

) PN
PNRIT NN 3

P17 3: NANITIATIZANITLANLABIRILUTYIUY (X) AseAuiludfy 0.05

fauusiinune (X) Mean Standard Deviation (SD) p-value
X4 549.3 33.47 0.077
Yasd (Y = 1) X, -0.495 0.032 0.230
X3 -0.208 0.055 0.132
X1 458.8 35.59 0.083
2948y (Y = 0) X, -0.408 0.035 0.186
Xs -0.205 0.057 0.213

1.2 mMsn59s0UAIARUNFYeTATaYafUYTIIMIY (X) vasusaynquaauYsaI (v) sesuiieady 0.05: Ineiide
aunfgiul il

H, = ldfidnAeuniluyadeoyavessiuusinue

H, = IARaunaluyadeyavesiuusinug

dlofiansnnen pvalue vaamndauusvmne () luwsaznguaasdaudsau (v) Tusssit 4 Sannndt 0.05 Fafuds

asdlanluiAmfinunilugadeyavesdiuwlsvinneg

ANT197 4 wansTIAdeUAinUNAvesyateyafiseAutdfny 0.05

fauusiinune (X) Mean Standard Deviation (SD) G-Value p-value
X1 549.26 33.47 2.97 0.150
Yasd (Y = 1) X, -0.495 0.032 3.22 0.055
X3 -0.208 0.055 1.94 1.00
X1 458.82 35.59 3.26 0.055
2948y (Y = 0) X, -0.408 0.035 2.67 0.479
Xs -0.205 0.057 1.83 1.00

1.3 N13ATINFOUININTAIULYTUTIN-AIUUUTUTINTIY: dwSuiuusvine (X) Tundasnguanudiudsanm (Y)
%aﬁmuwauuﬁgmﬁ D Hy: Yo = 31 WaE Hy: B # T

IINANNRFIUTIAU o WNUIVEINGAULUTUTIN-AUKUTUTIUTI (Variance-covariance matrix) YoIf IR
Juveande (¥ = 0) uag 3, wnumnindanuwlsusu-anuwlsusiusinvesinusauinduvesd (v = 1) nadnsan
Box’s M test wuinentiuddey (Sig) winfu 0.190 Jsunnndn 0.05 Fodurdndanuudsusi-anuudsusiusansening

nNAuYBAALLaLNINVDIALILANGNITY AI919197 5

o v A

M19°99 5: HanIIRTIRERUVIATAULUSUTIUNTER U@ A7 0.05

Box’s M test result 4.833

F Approx. 1.586
dfy 3
df, 6048377.689
Sig. 0.190
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1.4 M5939980UAINAUNUSI U UATIVOIT WU (X): IaeldduussAvbanduiusiiesdu (Pearson correlation
coefficient) wudnduwusvhweynifianuduiusiudadududiuysmu () eanindegsening -1 fe 1 uag X, fu 'Y

fanuduiusiuluiiamadiendu X, AU Y uag X, MUY danuduius@daduluionimsaiudiy 9amisei 6

A5199 6: ANMUFUNUSITAFURTIVDIRLUTYIIUNE

X, hag Y X, kg Y X5 hag Y

Pearson correlation coefficient 0.796 -0.793 -0.023

1.5 M3959980UA INAUNUSIFUTUNY VoI U117 (X): 1n8n15WA15AUN Variance Inflation Factor (VIF) #nilan

desnit 10 azaguldhanuduiusvesiwusiung (X) nadalsdiinudniusidaduny damisan 7

AT 7: HANIATIVHOUANHAUNUSITAEUNY

X il XZ X3

VIF 2.20 2.18 1.03

2. MIAFNEUNTITUATILATMUNNGY

mia'ﬁgﬂqaumﬁmeﬁaﬁmuﬂﬂzjuLﬂumiﬁﬁagawﬁ 1 ﬁshumimmaauﬁaulm'ﬁyugmma%ﬁaaumiLﬁaizumﬂmq
Lﬁ@%’ﬁi’ﬂLLumejmmﬁaLLﬂimu v) sastelud

2.1 mpadensausyinmeg (X): 970 Wilks’ Lambda nuindawlsimune (X) fidawasonsassaunisiesizisuun

o

nauLINAgn A Szazily (X,) WasLIINAALNINIATEIRITUNITTIN (X,) Inedialaddgy (Sig) <0.001 wazdian Wilk’s

Lambda WU 0.367 uag 0.270 Muandiu fanns1ad 8

P99 8: NIRRLEENILUIYIWIY (X) fiszduiludAty 0.05

Exact F
Step Variables Lambda df; df, df;
Statistic df; df, Sig
1 X4 0.367 1 1 142 245.167 1 142 <0.001
2 X5 0.270 2 1 142 190.522 2 141 <0.001

2.2 naaounINLANA1TENINNgulne NI TR NI (Eigenvalue): WAAIANNLUANATSTEVINNGN Ty adithin
VAo ulAILUIANN (V) 2 nqu Lawn nguvesd (Y = 1) uaznguuedide (Y = 0) Fadananiziiies 1 A1 wirdu 2.702 Lleen

e laidnlng 0 LaneANNEANANNIENINNGUNIN AIN15199 9

= '
AITNN 9: AANE

Function Eigenvalue % of Variance Cumulative % Canonical Correlation

1 2.702 100.0 100.0 0.854

2.3 nnFeuauufgINANaae e wUTe (X): Inevihnisvegeudwlsvinenndilungduveads (Y = 0) wazngu

Y047 (Y = 1) FervunaunRgulidu Hy to = g was Hy: po # fy

A1 Wilks” Lambda #4911519%1 10 111U 0.270 wagAdeddgy (Sig) < 0.001 NszautisdiAy 0.05 AIUUAILRAEUDY

<

v '
=] 1% aa ¢

AuUsviuneg (X) Tunguuesd (Y = 1) uagnqueeade (Y = 0) waneeiu Faneisdiadeidannsoadaaunsimiasey

uunngurasasnu () laegaiussdnsnm
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M13199 10: NaANSN15ATINdRUANNAFIUANRAEva WM IYIWE (X) ndslungusiudsang (Y)

Test of Function(s) Wilks' Lambda Chi-square df Sig.

Wilks' Lambda

1 0.270 184.5668 2 <0.001

2.4 MTURTILMFUYTEINT (A192991n) Yoaduusiue (X) Mhunasnauni1siezduunnguluguuuy
1993974 (Standardized): Wiemiudsiifianudidgaanisdwunngu wuitssesdy (X)) Sanuddgsenisdiuunngy
VoMU TN (Y) 11nige LHpRniiAnaaimviniiu 0.634 FunNnndusannaaINIAvasiduNesTId (X,) Nildid

YIUNWINAU -0.623 F9AN51971 11

61’15’1\1‘17{ 11: Standardized canonical discriminant function coefficients

= q Function
AUUINIUNY
1
X, 0.634
X, -0.623

2.5 MTUATILNMIaUYTEaNG (A10291vn) vesduuswg (X): Wethiaisaumsinnegidiuunnguluguiuy

AYWUUAY (unstandardized) FaUsgnaumeata s minuesLaasiLusyiuneg (X) LavA1nadl F9szavidu (X,) Aaaa

v
' ° o '

WMWY 0.018 UaTLINARYYINIAYEWRTUNITITIM (X,) Hfdaiminuiiu -18.577 fanns1ei 12

m'iwf/'i 12: Unstandardized canonical discriminant function coefficients

» . Function
AU INIUNY
1
X4 0.018
X, -18.577
(Constant) -17.527

Wesnnduusaud 2 ngufie vesd (Y = 1) uazveude (Y = 0) Auluaunisduunngy ¥ 3l 1 aunisiieldAiuin
AzLUUTMUANANAIKU IR (Y) Asaun15i (3)

Y= —-17.527 + 0.018X; — 18.577X, (3)

2.6 N137IMUAAINAINTIMUNNGU (Group Centroids): el dunamdinitazuuuiildainaunisn (3) asdnedly
naula lnenguuedd (Y = 1) wagiaznguuands (Y = 0) dAna1awiniu 1.726 uag -1.544 iy fans1en 13 dmsy

auasduimbelnisreglunguladndu 0.5 Weswndifuusnu () ies 2 nay

5197 13: Functions at group centroids

Function
Y
1
1 1.726
0 -1.544
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2.7 N13959990UAINUILEIVOITUNITUATIZVTMUNNGH: uaninsnensaldwiugateoyai 1 wudniswensalngy
vodde (Y = 0) nssiumdnsdadiauwiudesay 96.05 Mmanensalnguueands (Y = 0) linssiuadnduinduiosas
5.88 N1INEINTAUINANVRIA (Y = 1) aseiumAmIdadalianuuiugiiiuiosas 94.12 waznsnensainguvesd (Y = 1)

TnsaiuAI19BaniUSeay 3.95 AaR5197 14 LagANULLUE1YBIANNSVINAUSDEaY 95.14 (A1WIINENN1SN (1))

ANT9N 14: AUYNADIYEIN TN INTAlLUINLNGUYRsALAzNgUveLdvaadoyAaTsaunT

. . Y snunswennsel

Y auA18198s 39U
0 1
. o 0 73 3 76
Iuuluusazngy

1 4 64 68
Sovazadnasiugn 0 96.05 3.95 100
wazfosazAuRANaIA 1 5.88 94.12 100

3. nagauaNN15IATIITWUnngulnelyadayanagevasunis
nsnagUANMTlAT I LNNduEuF NNy teyavaaeuauns e 36 Jeya delsenoudenduuesd
(Y = 1) 18 doya waznguvede (Y = 0) 18 Yoy MAvkuuvswhudeginilagldaunsdinsgiduunngy fdauns
7l (3) wagthazuuuillduUisudfisuananswosudaznguiandsna (v) fan1s19i 13 mnazuuudwunngudilngeile
wniige uansimheiesdlmiifuaninuesngudu mnezuuusuunngy ¥ vestoyanaasuiianun 36 Yoya odune

IAdnangluuNITMUNNGY A -3.735 B4 3.304 9913199 15

M15°99 15: Msnensalnguduusnu (Y) vesyntayanadaeuaunis

draudoya (N) X, X, X5 Y A8199e Az ¢ Y wensal
1 600 -0.45 -0.21 1 1.633 1
2 410 -0.36 -0.22 0 -3.459 0
3 570 -0.47 -0.29 1 1.464 1
36 455 -0.40 -0.15 0 -1.906 0

wews: “Azuuy Y ilavinnisaiuaaluasniai (3)

wennillaneaeuauwiugweaunTIes AT uNnaulnelUTsu g URINgUNNe N SalAuAENeB s nuitmanensel
nauvede (Y = 0) nssiuAgBaliauwiugfesay 94.44 n1snensainguveades (v = 0) linssiuAgnadaminfiu
Faway 5.56 Nsnensainguveade (Y = 1) assiuAranedadiaruwiudrfosas 100 warlinunisnensainguuesd (Y = 1)

linsauAI91989 A9R157991 16 AeNUAIULNUENTRIENNISWINAUSREAY 97.22 (AuRaInaunsh (1))

A15197 16: ANYNFADIVDINTNE TN UIMANGvRIALaENGUva AR IynTayanadoUANNTT

A Y man1swensal

Y AnuA18198e 593
0 1
X o 0 17 1 18
uuluusazngy

1 0 18 18
SauazaAuusiugn 0 94.44 5.56 100
wazdouazAURANANA 1 0 100 100
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4. NMIMAVWIAUILAUTIRTUNTTANYDUFEDINNTIAIINDTTINDINTININUTITUNTI5AA
dwsunsmeniimunzauvessinUsiue (X) Usgnaumessezidy (X,) daus 400 §3 600 lulasiuns usagadyyInie
YDIHITUWDTTI (X,) Aausl -0.35 89 -0.55 Tadu13 wazusaugaaInIAvauduunuvysesiunisdin (X;) fus -0.10 &

-0.30 a3 waimualidudsnu (Y) A ANANTUUNNGUYRIRWINAY 1.726 WAAATVsNEaLAwmIsIN 17

A9 17: Aflimunganuesiausviung (X)

Solution X1 Xo ASUUY Fit

1 502 -0.55 1.726

AfunzauiidilndAnanasiuunnguuesiviniu 1.726 Ao szaxdu (X)) winiu 502 lulasiuns useaaqyInIAves

[ =

WITU99559 (X,) 11U -0.55 faduns @adusuusviung (X) Ndawanan13ne995598099U398099 Ogasawara &

Zhoulong) uagl@mnuAn13RIAILTRAZaINATELTNLNANUTBITUNISHR (X;) WU -0.15 Taduns wedesiutlym

ERe7As7]

vy
o

Aaunmdy 9 WeldafiunzaudahludsudinIssdnsiiofnniuna 43 danniswdn Tngldanlunisfiamunadiui

1 §UAN WARINARINISIN 18

A1519% 18: wanasanusunsmmaLlsyinuie (X) Muangau

FuIusadenns Ya9f (Y = 1) Yauds (Y = 0)
a ° ' a de X ° ' a de 1
- WaR MU FANITHANTINGIRTTINTY Fuusadenn1sHanineI99sIN kAU Usymn
4 |f@An1s
wWn | 4., . . dndu . v . . dndau . v . AMAIN
HAAY |1UU| U (U] ; UL | dAFIUNRT |AUY| ; U | dAdIURT |
. .| UMLKY .| 3uauLNY au 9
WA [ 2999598 | WY 2995574 591 LU 2995394 | 9574 (%)
(%) (%)
1 1 81 42,294 75 92.59 42,074 99.48 6 7.41 220 0.52 Tainwu
1 2 54 28,437 52 96.30 28,396 99.86 2 3.70 a1 0.14 Taiwu
7 43 81 42,726 1 95.06 42,646 99.81 4 4.94 80 0.19 Taiwu
ﬂ"]l,aﬁlﬂ - - 81 97.38 43,771 99.85 2 2.62 64 0.15 -

NNMIRAMUNATIUIL 43 Ao sHAn Fan15197 18 wuinguueads (Y = 0) 18ne iedndrudiuuusiuiifenms
sullifusosuuivnfiauladnidudosay 2.62 fhummsasruiindituedsrodonnsnanindu 64 ¢ uazlad
nsfamukafIuATeTes Peng et al. [19] agunalddildnudgmiuamnindy § Wufumdmindnsiuseniade
fanan wazilothlusuiisufudeyaneunisusulgmui v ulsehliaiadevesdadiuduuusuifingg s
Lifusefonnsudnanasaniosar 3.02 \udosar 2.62 (anadluiosay 13.25) uazaidsvessuiuisassuiindlaity
anadluosas 4336 lefansananadsvesfununsidnesnunoululsuiniu 10.44 neaa{redonnisnan Lay
vdwiuusedinedsdiuyunisidnissumiiu 5.40 aoaanisedennisndn dwalvuyunisiidniaessiuanadds

Souay 48.28

dyuna

o

NI

N o

nnUszasdiiofnyladeidmasionsfeassiueenannmisesiumsdn Tngussandldnisinseidiuun

a v

nquitednduladisioya (data-driven decision making) Tun1sanveadelunsruiunisnsiraeulasussingvesuTem
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danvsednduvianils Tnefmuadiuusduiifesdos liun szezidu (X,) uSI9AdaaINIATeIRITuIRTTIL (X,) UAZLIINN

Ay 1NATERTULNENUTEIFUNTAR (X;) BuzAisaudsniu (Y) gnimuadunadnsveinisieninssiu fie ved (Y = 1)
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Abstract

This study aimed to develop a predictive model for used car prices in Thailand using web scraping techniques
and machine learning algorithms. Data were collected from Kaidee.com, One2Car.com, and Chobrod.com, totaling
55,989 records. After data cleaning, 42,823 valid records remained, containing 13 fundamental attributes for model
construction. Two experiments were conducted: (1) using only the basic features and (2) incorporating six newly
engineered features—car age, annual usage rate, squared mileage, squared engine size, cumulative usage load,
and temporal load—to enhance the model’s learning capability. The performance of five models, including
XGBoost, Random Forest, LightGBM, CatBoost, and Gradient Boosting, was compared using MAE, RMSE, MAPE, R?,
and accuracy. The results showed that XGBoost achieved the best prediction performance. With the additional
features, the R? value improved from 0.9262 to 0.9419, accuracy increased from 89.42% to 92.38%, and MAPE
decreased from 10.58% to 7.62%, indicating that feature engineering significantly enhanced model accuracy.
Feature importance analysis revealed that the most influential factors affecting used car prices were fuel type, car
type, engine size, brand, and squared engine size. The findings confirm that integrating machine learning with
feature engineering substantially improves predictive performance and can serve as a decision-support tool for

buyers, sellers, and financial institutions to promote transparency and fairness in Thailand’s used car market.

Keywords: Data analysis, Machine learning, Price prediction, Used car, Web scraping

68



T
,5\6" Y Journal of Engineering and Digital Technology (JEDT)
2/S’I\E/DTP Vol.14 No.1 January - April 2026
o~

Ui

o ' I3

Uagtunansasudiioaesdiunuimddysoanamnssueusudiilansiufslulszmealne Jsssuddeasadumaden

o 3

Aldsuanudenannguilaafidesmafuivessasudlunafivszudanisasudlv snsudileassannsanevaussaIy
fioansvesld asounquilivhlunasdiidesnissosuddmulinuanena lusnafidddld dwaligsfatonssnsud
fleaesfiniaiivinegnesini delugluvuvesleizy nstevisuvudaiy wazunanesunisnaineeulatiiiy
anuazmnliungdouasfueliamsadiionshensuldegnennga egrlsinuy madmuanaisasudiionss
TunandnenuInsgIuaIAnas e atuagifunatetads wu anwsnsud Uinan laalud Begurassnoud Uszia
nsldnunagnagnivisnismana [11, [2] Snvisnanfidedulneiudwideduesegesiu lailfidumsniiuisaiiuase
vo9308s dewaligiedmnudsiiortelusaniumaund visdesaiifauniminitfiassdu uiinddeazause
Wisuifleusaildanvannvasundsdoyn 1wy Uuledtenssasudiioass wieuwanvesuseulay uifedldinauay
mnutuney Sndnnniesieftaunsatienensalsnildesralussuuuasusug (3, (4]

nsnensalsaiinaneds wiisildsuanudeude ns3ouivenades (machine leaming) l¥nisasrsuvudiaes

nensaianan lneldyateyaiioiludeyadmiuinduuudiaes (5] dunAdeiddldmanglunssiunudeyasosud

fleaeufiovrnndudeyadimiunisdadulaveswuudiasinaziseuiisunuudiass ienwuudiassfiuigauiv

gadeayail lneinusiussenisadadeyaainiiuled (web scraping) Inaideniivlediildsuanuiienlunisdeviesasud

9 Y

P

floandlutszimalne 1§un Kaidee.com, One2Car.com Wag Chobrod.com fiazvieusiaaidlunaiausemealne ndsan
Wisuifeusaglduuusnaesiivmnzauiigauds nislduuudassasdaelifioaunsnUssiiumafivmnsauvessnusiu
azduldedarmnuagsinia anaudssinnsdesalusmaillaunmnaunauazduadulinansnsusiiedesiiniy
Tusdla damideiliingusvasde srusadeyasosudfoaesanivledussmansesuladlatlfinaianisadndeyaain
Juled uaziudsuifisuUssansnmeeauuudiassniaieuivenaiesiingantunisneinsainaisasudileass vieil
wadwsnnuATedamsailuvszgndlfludondsd Tnedueiesdoatuayunsdnaulalunistorssnsudioaois

TuszAuguilaamluargsiaiiieades

NUNIUITIUNITA

av Y

nsnensalsimsasudiiodesdioldulymideniianudidydedifeinsdesosud eswinyadeyaidnvusdudou

1 13

wazvainvane Juduiadeifinadenisivunsiailunain wu anmmenienmusssaeudiledes nginssunasjuiuy

¥
Ya o

sty saufenuduriusazuilduvenalanain divelasiuswanuideineidesawisadaudsliidu 4 nau

Y

Usgnoume 1) msadadeyaainiiuled 2) wuudiasinisiseuivenaies 3) Msusedliulseansamveduuinasinis

o

SeuivrennIet way 4) Nuldeiineesiunsneinsalsmsasudiledss lnelistvazideadaaluil

1. nrsanadayaviniiuled

€ av % LY

Tulatudeyariusnguuiuledduiduundsdayafiannsatluldlunsimeet 3y wasimuissuudaniegsing o 1

agslsfiniu Vuleddulvgiinuanstoyaluguuvures HTML Faldeglulassadeiimunzansonisiiunldanulaense

v v

satudssadldmatianisadiadeyannivlediiedideyaiidesnisesnainlassadiminivleduaziulasiogluguuuun
WRzaNAan1TIATIEE F331nnudden [6] lesuiedeyailesduneiumaiianisaiadeyaainiivled wu HTTP

programming, DOM parsing ke HTML parsers saufianugihgenduasuaziesesdiovanieudmsunisistoyannivled

= '

W BeautifulSoup uaz Scrapy nsafiadayavinivledfiyaulusesnistiefeyaneguuivmaunldliagasnga

U U

P

wazazain Joyaanunsathluiaiu Jinsen vieulasduguwuumuiidesnislaiui lnsenvesiidedidnlusondeuy

' P
fal a =

satarvuansidauuuuIsiulesd wardidasdnnisiunisdsunladlassadradulediintuuseass

69



e
Journal of Engineering and Digital Technology (JEDT) fg" A
Vol.14 No.1 January - April 2026 Z/SE/

2. UUT1809N 151383 YaNATON
wuudiaesnisieuivenases \uisnmsinszideyailduuudtasaseudanyadeya szyjuuuu wazdndulals
grluilf Fawvuaesnsdeusineialuuiiesndu 4 Ussinnndn fie 1) nsSeuduuuiifaeu (supervised leaming) 1

nsrvILMIRNNUKUUIIaeeYadoyaniidiemiu desenausigteyatiduazrasns ialSeuianuduiussening

5 v QU:{

FLUsAULAZMULUIAIYN Feg19Tu N133uUnUsELan (classification) Lazn150A0DY (regression) ALUANLTN [7] 2) A5

Y

Bouduuvlsififasu (unsupervised leaming) lunszuiunsiiszideyaiilifitheiiu iemguuuuvestoya fe

Y

wadian133nngu (clustering) N13AUNINYAIUFUIUS (association rule mining) kagn15aniiideya (dimensionality

Y
reduction) #e1W3de?l [8] 3) n1siseuduuuislifasu (semi-supervised learning) LUWIBNsTIUszynAdeyanithaniiiu

q

£

waglaifitheiulunisiindunuudnass ileifinussavsamnsviuneluaniumsalfifeyaifitiomiuiiduiudings
U387 [9] 4) n15iTeusiBLEsSULSe (reinforcement learing) L‘fJumﬁLﬁsJuiﬁummeﬂsﬁ yerautounduluguvesns

ﬂ’]‘Vl‘L!(ﬂi’]J’Ja‘ViiE]‘U‘VlaJIV]‘L‘!LWE]‘L!’WE)?J&&I’IWWU']LLUU?]’I@’PJWN\TTL! qJEJ [10]

3. n3UsssiluyUIIag
AsUsgiiunuuinassfedldinusiiumunzauivanvaskazUszinanaeslan esanuaazdgmiidivuisuaz

dommualunisiafiuansieiu dwsunisiseuiivuianguaiisayssdiulaviansdiliddl Ground truth Tagiiansauan

o Jo

AURUILUULAY miLL*&mﬂJawauaMﬂ A2%39 LU Silhouette score ag Davies—Bouldin index wag ﬂiﬁu‘wu Ground
truth 14#23¥n 19U Adjusted rand index $o Normalized mutual information TunsiUsuifisunadmsiungudeyaase

drunisieuiuuiuundssianldirind miunsuseidiulaun Accuracy, Precision, Recall, F1-score Wag Receiver-

av o

operator curve A491U3TY [11], [12], [13] Uananiladlfigin Matthews correlation coefficient az Cohen’s kappa
fflmnudedelunsddeyaliauga uazlunsieuiuvvanaesldfunisinesuusdeiios Ingldfiindmiuns
Uszidiulaun snfiaesvesaiaunainniouidsaesiade (RMSE) Apnuaaiaindeuduysaiiade (MAE) A1AnuAain

\aeuduysalsevaziade (MAPE) uagAduuseansnisandula (R) uazd1adnuudugiveanisneinsal (Forecast

! v do av =

Accuracy: FA) A991u3989 [18], [19] Fausrazidiniidesitafiuanstafuly FadunisidensuUsiiionisussiiiy

o w

UsrAvBnmuaauuuasniaidouiieiuegiuingusrasduensitouasdnunzvesyndeyaifuddy

4. yuIseinngIvaenunIsweInsalsiaIsaeusdaged

YA o

129819570 ILLALAATITRNUIT M AL UNNSNEINTAISIANS 8 URL pERY TABRa1TUIINITNISUTeTANaSUNLY

U

YU Toua N1SUTEUUIEANEAN Lavnan15Ive L'W’e]‘u’]ll’lﬂi ﬂ’e]‘Uﬂ’]iL’ﬁE]ﬂLL‘L!’J‘V]’N‘WL‘Vilﬂ”ﬁiJﬁ’]‘WiUﬂ?iLUi?JULM?JUIu

Y

mAfeatull stlasvddyrousarnuiteaulivmned 1

o v

A19197 1 ﬁ?ﬂﬁ’ﬁ Gl maqmswummssmmiwmstm

a1au Fauide A8ms/oanasiunld yadoya o WNaNI5IY
Jseanann
1 |Forecasting the Used |- 38uandiuusznou ftismsneudie |- Mean nsUsSuiBsumedulAsasAauy
Car Price Index Using |- 38n1suuiSeusmeidulés |ae (.a. 2562 - 5.0, [Absolute  [Fumeiiiauimangauiian
Time Series Forecasting [laa%nnag 2566, 60 Liow) Deviation  |MAD = 3.9535 wag MAPE = 4.0722
Methods [4] (MAD)
- MAPE

70



=4

AN
@y

Journal of Engineering and Digital Technology (JEDT)

Vol.14 No.1 January - April 2026

M3197 1: aguansgddyreInInumIuIsIINTININgU0s (de)

Gl Foeise A8ms/Sanasiiuiild yadoya M NANI3INY
ol Uszansnw
2 |Comparative Analysis of |- Multiple Linear ‘qwﬁaaﬂa Car Dekho |- R? Random Forest Regression A1Makaiue
Supervised Learning Regression (13 qmﬁﬁwms, - RMSE Qaqm%aﬂaz 94.10 L#is Uiy Decision
Algorithms for Valuating |- Decision Tree Regression {19974 518n13) - MAE Tree fi¥auas 9245 uay Multiple
Used Car Prices [11] - Random Forest Linear Regression fi%ovay 89.85
Regression
3 |Comparative Analysis of |- XGBoost ﬂ;ﬂﬂﬁagamﬂ OLX -R? dmSunuusiaeaialy Random Forest
XGBoost and Random |- Random Forest Indonesia (40,596 |- RMSE flUseansnamanaa (R? = 0.9485) fae
Forest for Used Car upd, 7 Anddnwaly |- MAE ANERYSLATANLEDARARITURRN T
Price Prediction [12] wan °UEJ’]EJL511JU 11 FnSunuuIasuaNIZLUTUA
ANANYE) XGBoost UszAnsa1niogsasinane
dusunususaiulug) 1Wu Toyota laedl
R? 8¢l 0.96
4 |Predicting the Selling  |Feed-forward Yataya BMW 210 [Mean Error safivuelndidssfusiniasenag
Price of Cars Using Backpropagation Kaggle (15 @mé’ﬂ‘t&mx AadsruRanaIndosay 11.46
Business Intelligence . 325 nsal, U A
with the Feed-forward 1995-2017)
Backpropagation
Algorithms [13]
5 |Predicting Used Car Artificial Neural Network ~ [afindayaviniiu - MAE - Md9N15USUU Hyperparameter:
Prices in Metro Manila  [(ANN) - Multilayer “cars.trovit.ph” Tu |- MSE MSE = 31,905,395,405.08,
Using Artificial Neural Feedforward Neural Metro Manila - RMSE RMSE = 179,402.63,
Networks on Web- Network (MFFNN) with -R? MAE = 125,546.52,
Scraped Data [14] Back Propagation - Adjusted | R? Score = 0.7031
Algorithm R? - A1 RMSE wag MAE gaiululuuiun
Y9I INYUALDED
6 |Prediction of Used Car |- Extra Trees Regressor ﬂ;ﬂ%ﬁm\lai’lmmﬂ Ali |- R? - HAN1TITUWUIT Extra Trees Regressor
Price Based on - Random Forest Tian Chi (U a.f. - MAE (ED WisganBandiign (R = 09807
Supervised Learning Regressor (RF) 1996-2019, 6019 |- MSE UGNAREAATRES): %dgdﬂﬂﬁ RF (0.8448),
Algorithm [15] - Ridge Regression 318019, 12 - RMSE Ridge (0.8417), DT (0.8001)
- Decision Tree Regressor |Ag&nwai) - RMSLE -AudnNYMEIEUULAeTenludR
(DT) - MAPE (automatic transmission) AA21udAgy
GG
7 |Predictive Analytics on |Bayesian Networks (BN) - ﬂ;ﬂﬂﬁagamﬂ Craigslist|Accuracy - LLUUﬁWaaﬂLaWWﬁWM%’UmME dannu
Used Car Prices Using  [Probabilistic Modelling (18,319 s189M1s: LL@J’UE‘J’WQ&@@ (50uay 83.5)
Business Intelligence of 2,884 5av3, 15,435 - BN @nansaviunesimnneldanngd
Bayesian Networks for soliing) luwiueouls
Sales Risk Reduction
[16]

71




Journal of Engineering and Digital Technology (JEDT)
Vol.14 No.1 January - April 2026 2/10/

o

M15199 1: aguanseddguesnsmumuIsIaNssuineIdes

]

a1au FDIUIY ABns/oanasiunly Ynvaya . WAN15398
Uszansnn
8 |Residual Value of Used |Neural Network, CatBoost,|duiinnsueneass |- MAE - LUUd1a89 CatBoost Tuse@NSan

Car Analysis and XGBoost, LightGBM, Yoe30gUALTe (N1 |- MAPE gega lunisvituneyariaainie

Prediction [17] Random Forest, Decision 7,800 i) 21nUSE" (MAE = 1195.29, MAPE = Saway 5.88)

Tree, LASSO regression  [Tufla@uaun - Us2ANS A nAnINISAuveIUSEn
Uszanudesay 50
- AITIUAIRUTHATYFNAUNAIAGIBLAY

AU

IMAMINUMUITIUNSTINUT MInensalsimsasudileassiinisUssgndldinalianisiouivesniesetsmannvans
TagtanznsiSeuiveaadoanuuiifanu 1Wu Random Forest, XGBoost, Extra Trees Wag Neural Network Lananadmsi
wiugn dehluldfiuyadeyasieanivleduiegsiesneudioans sauuslumsussiliulszavsnmuesuuuiiasinisiues
w309 IfuA R2, RMSE, MAE uaz MAPE Ssuuudiassdiiidn R? gauazAnenunanadausinazgniiansaninianumsngas
fign MaIvilFadadumasisudsuuuuiiaes Insldnudnuuzddyandoyassa uasyseiiunadoinaeiuinsgu

wielanunsanennsaisnaiilndlidssiuanuduaswnnfigaluuiunnainsosuiiiogosvesing

RIS RRL:)

NATeITuReuMIANTWImUA 6 Tuneu Aaandlugun 1

e N\ e N\ e N\ s N\ s T N\ s N\ )
ATUULYA -
. . NsEnaau -
NIV N1INIAU o nandsgy 038 nsUTELIUY
Y ANIARALRDN N V. LAYNAEDU -
038310 GERRGISH] . (EGERN #ANIUNS . Usgansnn
. - . AAAN YUY . - LUUADY
AR LASHNUDYA .o AAANBEE ARGRPIGE: o W VDY
. 2 . dngy N NILTBUS .
aoulay W UDIRU 038 NAEDU a4 LUUAADY
. UDIATDY
LUUAADY
\ J \ J \ J \§ J \§ J \§ J . /

o

JUN 1: Jupeunsaniuide

1. 11559UsIUTayavINUNE I AL

Ya o o v = < '3 ¢ = v .

HIdevinssuTindeyasnsudieassainiuleduseniavisesula FsUseneusie Kaidee.com One2Car.com wa
Chobrod.com lngldinaiianisarindeyavniiules Wu Requests Library wag Beautiful Soup #aea1w1 Python Liteli
ladayaineites dwmanslamutunaulugun 2 Aegrudu Bveuariuvessoaud UNnan wulud s1A1278 seuuiies
Uszamidamds Ussinnvesszuuduniou wazdminfiuseniaue Wiy doyalutuneuiiogluguuuulnd .csv ogalsh
mudnvauzdoyaildainunawing 4 duagldawisatuildauldlagnss Wewinaulimileuduvesdaya 1wy und
wiasloyalufideyafeiuiniessun vsedeyaiainlainsuiiuanysal Asludesidoyamariluiunssuiunisniy

avondoyauazinieudayailoiustaly

72



N
fz" Y Journal of Engineering and Digital Technology (JEDT)
Q:E/DTP Vol.14 No.1 January - April 2026

o~

Kaidee.com —
One2Car.com +—Request Web scraping i
>~ by
—Dat > .C5¥
e Python Script
Chobrod.com
—

JUT 2: TuneunssiuTndeyanuvaesulat

2. M9iAINEzaIauasnTIN Tyl U
ToyafliannssIuTIasiIunMsaNazen uazUiudayalvnseuldnulieggndes Beinszuiunmsdwialull
2.1 msnsandeunalanvalyvesdoya: \iiesyyteyanvinmely esnguuuunisnsendeyaluiuvledandueusas

wiasdayaldidunnsgrudeniu sudaddsiulifamnensendeyaiinsudiu Inedeyadnuarliazgnaveenty

U U

' v
v o

2.2 nsnsavaeunlaundvesdoya: Teyaiiatinutulszneusmedeyasimvessosusiiunaiuainuduade dulu
NuifeiiFddavesdeya a i 75 WWurd198e Wi vuansevvessiansasudlieasdliliiaiioy dAiudeyailivi

Reulvllargnavesnly

'
o o o a o

2.3 msnsasaevdeyaiiin i gouiu: esnluuiazivledlififedindmiunisasmisdudduier fufy
duledy fedutoyauiamniifuisasazadeutuiuleidu wmnedvefesnsliidoinisuoaiumsissnsudiuiy
frfudupeutaeiinisautoyaiisrdeusenandoyaiu

2.4 msnsasaeuzUkvutayatmsetunalu: \wu Feyatuiluazim fudesuvddeyalimioudu lunssuiumst
1¥3Bnsulasdeyanailviegluguuuuves fu/dewAd sufsusugiuuudeyaduliogussiamdeniu 1wy lawmadoy

2.5 msuvastayaiasnvsliaglusuvuiieasu: Tnsusulndusidnusdnuadifinitdn evildfeiiud
AUUNNBATINU 19U “TOYOTA” “Toyota” Way “toyota”

2.6 mahdoyaluldlunuudiase: suateilfiisvadeyaiifudemnulfifuiuaazuenidunedudurardnvus

o

asUlidudfuidnasgnidrsiasiaedaan 1w 1 uaz 0 Jsasdiglianunsal

Y

WU “toyota” %38 “honda” Tign
Joyaluiaszila
2.7 mrmsaamevdoyaiiinnain: 1w deyau Giulia uar Giulis Feaziitulddranununevesdoyado Giula fefu
foyafiinazgnuileliigniios
dodeyarunszuiunshanuarenuassieuteyaidesiundinglddeyaiindouldnuiofarduiunsluduneu

nsuUssUuazasannanunzsoly
3. Msuvsguuazairnaiansasy

Tuduneuilfideldthaudnvazvewadeyauinudnvuludmuauazaiaduandnuaslnl Weteliuuudiaes

nsisguivenATomenIalTAsaeudiioaatlaliugnTu Fasenaumenudnumzestoyadaluil

73



e
Journal of Engineering and Digital Technology (JEDT) f6 A
Vol.14 No.1 January - April 2026 Z/SE/

3.1 97¢598us: NM3FAINBNYYBITNBURNBARIAINTOM NN SR asiBl ULl
4 =Y, -7, (1)

- s

e 4, Aa 81gI08UA

&

Y, @0 U n.a Jaqlu

P

Y, Ao U wa. fisouudndn

vy
YA o 1% @

3.2 8n51mlvael: fideaienadnuiTunnietninUssilivaninsaguddoass Ssruinlanmuauniseslul

U,=—" 2)

de v, fio snsinsldnusied Mawns/A)
M, Ao szoznvazan (Rlawng)
3.3 fdvaesvassesyaray: andnuusdldiieUssdunuduiusilddudadussnisrssmnaiisosudiuy
sivessasudiioass Tnsuandlddaunsaelul
M, =M’ (3)
e M, A9 MiaERdvesTveyINIayaLl
3.4 FIBIFOIVINYUINA T U @mé’n@mzﬁ“i’mqﬂixmﬁwmﬁ&nﬁuﬁwé’qaawaﬁwzmqazau Tnguanalaaunis
ol
E =E @)
e E f® A TdOeUIALATBIUA
E, f® PUNAVBAATIEIUS

o

3.5 mszmsltouaza: msasaudnvaiiingusrasdiiiouansUiiunsldnuasauvoueisssusifiaunisiolui
V,=M,xE, (5)
o p fe msznsldnuazay
3.6 Mzua: wandsinumslinuaraumunalaefmunanegs aunsadouduaunisldded
V.=M, xA, (6)

o p7 Ae AswlTanan

4. mMsuvsyndayadmiunisiindeuuaznadovuuUT 189

nuAdsuUstoyasenu 2 ga fio yadoyadmiumstinaousasnsmaaeu lasfidadiuntsutsdeyatio Sovas 80 o
Sovar 20 yateyarinaoutiluldlunsinuuudasaiteliFeuinmdiusseninudnuasiarnavesnoudiloass
vaugiigateyanaaevanuliifieyszifiuanuamisavesuudraesdunsnensaismitliineiuinieu elsinanis

NYNTAILANNU TR D DLALELYIDUANULNUE VDI UUT @Bl UANUASAIRSa

5. MsAnFoUUaIATEULUUTIABINSITIUTYNIATON

Aelaadun1saiwuudnasin1siseuireuaTedIuwIL 5 Luuiiaes Wiensnensalisnvessaeudiiedes lag

o a

wuudraesitaanldAe XGBoost, Random Forest LightGBM, CatBoost Wag Gradient Boosting Famazkuudasail

adnvauziddasiadaiunndeiu wazainsasesiudeyandanulidudadu nsdenlduvudiaeis 5 Yssan

npUszasAiiawSeuiisulseansninvesuudtaedhuelun

74



T
,5\6" Y Journal of Engineering and Digital Technology (JEDT)
2/S’I\E/DTP Vol.14 No.1 January - April 2026
o~

6. MsUszdlulszansnmvasuuudIaed
HadnsveudazuuudtaeazgnUssiiulaglir®in Aar1 RMSE, MAE, MAPE ua R? score Litafian3aunA1sisiug

Tumsnensalkaganuvavauveuuaesdniun s lilssyndldnuai

NAN152uLaZNI5AUTIENA

= £%

NATeaduilldasunaideusartuneuivelilaunddayaiignies lnenansideluusaztuneuagllanadeluil

Y

1. Han155UTINTRYA TN IV L0e

a v @ v & a o 3 ay Y [ 1% J .
1NN1T79Y Namim‘uﬁ’aUsama;&asaaumuaaammmumau 55,989 18119910 3 ARIYBYANAN ‘lﬁ]LLﬂ Kaidee.com,

One2Car.com wag Chobrod.com laegivdeyarisluduie Ju Unuds szagnia 5101 szuuiies ssuuduindou waz

]

anuiivne Jsdeyaviamuagnimiuluguuuu csv

2. Wan19viAINGzaMaINTENTaY AL T Y
nsasvaeuAundeyanlaantuneui 1 wuindeyanauysaiuazaiunsoinluldaulafisiuiunsdu 42,823

518113 lngdinsaudeyainviamiy Aauni viedideu utansusuldsuguuuudeyalaenadesiu desenounie

ANENYIEVDITOYARINTIN 2

15199 2: Aasdnuaizvesdeyaildlunmensal

AMENYMY A183U"Y
brand B
brand_model Slﬁml,azs;u
cartype Jsennsn
color a
fuel Founds
engine PNAAIDIUR
gear syuuiies
mileage isasmaﬁ%a‘ﬁyﬂwm
model U
province JnTn
submodel i;uEJ'EJEJ
WD svuutuiadiou
year Yiindn

3. wan1suvsguuazairnaianvas

v o w

FIdglavimsasinadnuuglui 6 919015 laud 81g3a dnsnisldnusasudsel Masaesesssugnsazay Mas

o o

ADIVDIVUINLATOIIUR NISTALAUNSITNUALAUVDISOIUR WALAITLLTNIAIVDITOLUR LASNINTUNINUYE1AVD

£

ANzl Belayanlduandlananisiadn 3

75



\/\.
Journal of Engineering and Digital Technology (JEDT) j\g" A
Vol.14 No.1 January - April 2026 E/S/I\ P

aTeR 3: ansdnuarlvdvesteyaildlunisweinsal

AMENYME Aasue
car_age 918308
mileage per year 503 INTIHNUTISUARETY
mileage_squared AAIEDIVDITLHEN A AL
engine_squared & iAeIveALATEE S
mileage_engine_interaction Aszmsldnuazay
age_mileage_interaction NFETWIAT

4. wan15UsediuysednsnmyasuuyIIaed

ndeyarianin 42,823 919m3 gisesnidunsiinaousiuu 34,258 MensuasyavIRAeUSILIY 8,565 118013 Tae
NAFOUAUKUUT188931UIU 5 WU LAwn XGBoost, Random Forest, LightGBM, CatBoost way Gradient Boosting uay
fainldun Aruaatandeundsuuuduysal snfideswesanuaanadouiddesads Ardulssaninisdaduls
AnuAaIAdeuRdBI T asidud uazArauutiudiveanisnensal lasgideldmaass 2 wuu Ao 1) naasulaeld

udnwuziugulun1sen 2 Feldnanisusziiudssansanasulanenisnen 4 uagsui 3-4 uag 2) neaasulagiiiy

o]

Aavanuaurlunns199 3 Tngnan1suseliudseavsn nuanaldfwisnen 5 wagguil 5-6

= a a a ' ° o Y =
A1INN 4 Naﬂ’ﬁﬂi%LNUU%%&VISﬂ’]W“ZJ@QLLG]ﬂgLLUUQWGBGI@EJI‘UQ&IG(]%EN%Eﬂll@l'ﬁ'hﬁ/l 2

Model MAE (u) | RMSE (Uw1) | MAPE (%) R? Accuracy (%)
XGBoost 43,141.89 66,871.3 10.58 0.9262 89.42
Random Forest 43,042.89 69,872.79 10.68 0.9195 89.32
LightGBM 53,140.07 79,131.83 13.09 0.8967 86.91
CatBoost 56,009.61 82,600.02 13.68 0.8875 86.32
Gradient Boosting | 77,812.95 111,318.41 19.25 0.7956 80.75

nan15UszifiulseanSnmussuuuinassiean R2 wag Accuracy

TngldnnanenznIunsein 2

- Forecast Accuracy i3 R?

92 0.95
90
0.9
88 N
g 86 0.85
a o~
o 84 o
o}
o 82 0.8
<C
80
0.75
78
76 0.7

Random LightGBM  CatBoost Gradient

Forest Boosting

JUN 3: wansUszlulSeuidisuussaninmaeswuuinaeinisneinsalime R2 uag FA lngldnaudnuagnunisnd 2

76



N
fz" Y Journal of Engineering and Digital Technology (JEDT)
Q:E/DTP Vol.14 No.1 January - April 2026

o~

asiSauLiisuan MAE, RMSE uwag MAPE YIUUUTIABINITNYINTAITIANTOBURA

foaes Ingldnnanwazaiunised 2

o SRS MAE s RMSE g MAPE (%) wWosidud (%)
120000 .
100000
15
80000
60000 \ ;
40000 % §
20000 § § >
0 R § % ;

XGBoost  Random  LightGBM  CatBoost  Gradient

Forest Boosting

JUN 4: MswlSeuiieusl MAE, RMSE uag MAPE asuuuinasinmsnensalsinsaeudiloass lagldauanuuzlminiumsiai 2

nansUsEELLUUSIaeRs 5 LWUUANANS1ST & NUTLUUsIaes XGBoost ﬁmwmuiuﬂwmnﬁqm TnediAn R gjqqmagjﬁ
0.9265 uay FA qnqmﬁ%aaax 89.42 suiiuanslunsiUSeuiiousswing R2 uaz FA ﬁQLLamﬂugUVi 3 yuidlefiansanan
ns1MTouLioudn MAE, RMSE uag MAPE Tugufl 4 wudtuuudiass XGBoost fldanuaainiadeusglusyiusi
TnglamzAn RMSE fiaiiu 66,732.61 Uv was MAPE wihiu$esas 10.58 Fwnniuuusiassduetadnoy duandli

3 ! 3 oA 1 a v Y 5 2/ L3 &
LAUILUUNEBY XGBoost ‘lllLWENLLG]lIF’]'J’]Mﬁ’?ll’]ﬁﬂiﬂﬂ’ﬁ@ﬁU’?EJ‘SU’@Q,I“ﬁbLGW] LLG]EJQSL'VHNaﬂ’]SWUqﬂﬁmﬁqﬂqﬁﬂﬁlumﬂaﬂ@ﬂm’m“qﬂ

¥
A aa '

pyatndanuuiudwazauaiiosandiig dmsuuuudiass Random Forest NIudA1 MAE finfigal 42,954.29 um

=23

uAdlefinsanannsmiUeuiiieu MAE, RMSE uaz MAPE fauanslaluguil 4 azifuindn RMSE uay MAPE veduuudians
Random Forest §3gin3uuusiass XGBoost tanties Junalirn FA Inesaulndifiesiu Inauuudiaes Random Forest
Fsidniads FA whifufesas 89.39 Fsnanléiuuudians Random Forest fusvavsamluniswensaisiasasudiioass
g9309a9 YuzfiluUS1ans LightGBM Wag CatBoost lrian R? aglutng 0.89-0.90 uaz FA oefluteiesas 86-87 usflaige
11 XGBoost 1y Random Forest Lwimﬂﬂﬁw%gﬂﬁ 4 quiiiuuuaeseansiiuunltiuvas MAE, RMSE waz MAPE
foglusziutunans Foduduuvudraesiiinuaugassniteauusiugagnsduin Tumanssfudia wuudiaes
Gradient Boosting A1 R? ﬁﬂﬁqﬂﬁ 0.8037 uay FA ﬁﬂqmﬁaﬁa&lax 81.18 §ﬂﬂy’3ﬂiwﬂugﬂﬁ 4 Fananelidiuindan MAE,
RMSE way MAPE gefigaifieioufunuusiansnisneinsaiuuudu wandiifiuindssdvsnmesuuudaesiliimngan
fugateyasasasudioaosiililumneaes

MnHansnAaedunei 4 aziuldiiuuudians XGBoost waz Random Forest Tnan1snensaisiaiusiuginia
wuudiaesdu et R? way Accuracy gann 0.92 uazfesay 89 awady aeslsfiniy dmuinaiuaaiandeuly
F%Tn RMSE uay MAPE fsasaglusziudeudisgs dsenainannisiigndoyadifiaudnumsdita silfuuusaedl
anunsadeudauduiudidudouresdoyaldosafiudl fufufeusuusssansnmuesuuusians §iteddldviinig
Winsuuandnuny Tnsnzaudnvusdeyiusuasaudnsusd fiuiusiaidunngudnuusiugudn

6 579715 FebAnan15UsEIUUSLANS A NAINI5197 5

I



Journal of Engineering and Digital Technology (JEDT) ,5\6"
Vol.14 No.1 January - April 2026 Z»XV/

A5197 5: wan1sUsEiudsEAvEnmuesusazuuuInedlagiuuan g iU FuUTelndlunsed 3

Model MAE (u) | RMSE (Uw) | MAPE (%) R? Accuracy (%)
XGBoost 38,900.23 56,447.83 7.62 0.9419 92.38
Random Forest 39,786.85 61,090.38 7.79 0.932 92.21
LightGBM 47,452.14 67,447.82 9.33 09171 90.67
CatBoost 48,369.00 67,899.4 9.51 0.916 90.49
Gradient Boosting | 67,275.87 92,400.97 13.4 0.8444 86.6

wan1suseiiiudseansnnvssuuudnassiagan R2 wag Accuracy

Tneiinuananeaelninun1sen 3

=, Forecast Accuracy @ R?

94 0.9600
o0 0.9400
0.9200
= 9 S 0.9000
> g S 0.8800 _
© S 2
S N 0.8600
g
< 86 R 0.8400
o 08200
W 0.8000
82 i-w\\a §§\i§\ 0.7800

XGBoost ~ Random  LightGBM  CatBoost  Gradient

Forest Boosting

JUM 5: man1sUsliuSeuiieuussansnnveswuudnaesmsng nsaliiean R2 uay FA laeiiiunudnvazluiaunisai 3

nsSeuLiisuan MAE, RMSE wag MAPE 989uUU31a89n15ne1n5aisnan

g a o ' =
TNYUAUDADY IﬂﬁlLWSJﬂﬂJaﬂ‘UmL’lWSJW]&JWﬁ’NVI 3

u Wosidud (%)
By MAE ‘RMSE ~ —g=—MAPE (%)
100000 "
80000
10
60000
40000
3 5
N
20000 ‘%
N
o N i

XGBoost Random LightGBM CatBoost Gradient

Forest Boosting

JUN 6: Mswl3guiieudl MAE, RMSE uag MAPE 9asuuuinasinsnensalsasosudiloaedagiiunudinuuylviniumsned 3

78



N
fz" Y Journal of Engineering and Digital Technology (JEDT)
Q:E/DTP Vol.14 No.1 January - April 2026

A

91NA15197 5 wansman1sUsziiusznsnmvesuuudiaesildfunsuiuussensiunudnyununsei 3
wud wednslneTmvesmnuuUnest et simuiiaifiaufumsnadl 4 fisludurmmueainnieu uazaeuuiug
yosmsnensal dauandiifiuinnmsiiudnugadnvazaiddmidludgliuiasensaioudmiuduiusidedn
vosdayasiasasusiionoddibeiu Tngluzul 5 Faudsuiiloud R2 uay FA veauuusaesis 5 wuu nuduuudiaes
XGBoost fandliUszansningsan Tnefien R2 Wiy 0.9419 uay Accuracy geflv¥esas 92.38 Fufutuainiiniosay
89.42 Tumn5197 4 veusfinuusass Random Forest flUszavsnwsesasun (R2 = 0.932, Accuracy = Se8ay 92.21) lnedl
ArANAaIALAaeY (MAE, RMSE, MAPE) A1niauuusiassdusteetiios LLasLﬁ'aﬁmammmW’lugUﬁ 6 FeudAnINIg
W3guLfisuA MAE, RMSE Lay MAPE vasufazluuiiass aztiiulainuuudiass XGBoost uag Random Forest 1#an
mmmmmﬂ?{aﬂui:ﬁuﬁwﬁqm Tneaniy XGBoost il MAE 1fieg 38,900.23 U wag MAPE 1iigedesas 7.62 uansis
auutiugTlunsannisalsAfiiuseansnim vaiedl Random Forest uifiiAn MAE gandniisadntes uddanssneay
avianevesadnsluduatosnmldd

@l UUIIaed LightGBM Way CatBoost 1vA1 R2 agluyae 0.916 - 0.917 uag Accuracy Ussanauiasar 90-91 fiod
\Hunuudraesifiniwaugasrinsanuuiuduarstansamlunisdn lnsamzlunsdiiidesnisaiuiilunns

N

UszaianauINndl vaue? Gradient Boosting SensiiAnusedninmenan (R2 = 0.8444, Accuracy = Segay 86.6) havilen

@

MAE Uag RMSE ganduuinaesdu Jskivanzauiudnuazresoyanasasudiloaeiildlunuyidel

Ya o

wieviaudnlatdadedinasieUsvansameeswuudiass gidulavinn1simsigianudrdguesnuanvausly

U

sl

wuUS1aee XGBoost Faduwuudraesiilinanisneinsalifian Jsmadnsuanaldnagud 7

AU VBN UMY
ioinas (fuel) 0.196153
Useiansa (cartype) 0.172880
WIALATDIBUS (engine) 0.140837
8t (brand) 0.083936
& tEDIDUNALATB IR (engine_squared) 0.082486
Yiluan (year) 0.056879
1 (model) 0052118
szuutuiadiou (WD) 0.045848
81Y30 (car_age) 0.043276
#¥ouaru (brand_model) 0.039023
uglos (submodel) 0.035165
syuuies (gear) 0.016377
A152TIA1UD9908UA (age_mileage _interaction) 0.006893
dnsmsldanusasunsel (mileage per year) 0.006423
syermMeiiatavn (mileage) 0.005939
Mdtaeavesssereazau (mileage_squared) 0.004401
MszavaunsIiuaAYALYeITABUR.. I 0.004174
@ (color) 0.003620
39139 (province) 0.003572
0.000000 0.050000 0.100000 0.150000 0.200000 0.250000

JUN 7: anudhdnyuesnaudnuarlugadeya

79



e

Journal of Engineering and Digital Technology (JEDT) f6 A

Vol.14 No.1 January - April 2026 Z/SEEDTF
o~

'
Saa a '

1NJUN 7 WU Aaidnuae 5 Suduusnilianinadenisnensalsiasaeudilioassuniian Laun Ussinniaeinds
UELANT VUIALASTOLUA 90 LaZAIMAIABITDITUIAATIUA IneviaruadaAdintinsinuInnitfesas 68 103

ANudAYNINA dzvioulndenunalinvessasuaidnsnasgrsnsenisnvunsiaiieass luvasNnudnvueses

o

Wy Uindn 91890930 Uag svuutumdeu IanudiAglussduuiunais duladeiu & uag Ymin dualusezaudaini

o

0.004 uansbiiuhddvnaiisadntossionisuszfiugansosudiodes
nan1sUsEiiulsransamvesuuudiaslunisnedl 5 waggud 5-6 Buduliin audnwuzlnififiudily
16ud 1) enguessasudieans 2) sasnsldausasudsel 3) Mdsaesvessvoznisazan 4) AdsaososvuinAIaus
5) mszavaunsldauazauvossasud 6) MsziBaiatvessasud HretiinUszansawnisneinsalsiasasudiioansna
yodoyaililunuidet Tasiamelunuudans XGBoost finansdneningsaalunisnensainaisasusionosandeya

39

dyuna

MnmsAnwadall fdElETaLIUSaanensainasasudiioaadaglfinadiansatadoyaniivleiusene
1ossuslulszmelne 1 Kaidee.com, One2Car.com uag Chobrod.com Tandayatiedu 55,989 18015 &N
unsEUINMSIANNATeaLas Aansesteyaudundedeyaiiaunsnthluldldisiuiu 42,823 s1ems Gegauvaduya
Anaeunazyamaaeuludadiu 80 sie 20 eldfunuudianinisouiueandes 5 uuu léln XGBoost, Random Forest,
LightGBM, CatBoost Lag Gradient Boosting

Tumaeaesuaniilfianeaadnvueiugiu nuiuuudians XGBoost TWkan1snensaiusiugiian (R2 = 0.9262,

Accuracy = §oaz 89.42) 99a3911A8 Random Forest (R? = 0.9195, Accuracy = 5088 89.32) d@2U LightGBM wag

'
o a

CatBoost #UseansamszAuUIUNAI war Gradient Boosting iA1AMuuiugiign asviouindeyanugiuiiieatg
wieadaliiimeamadensiteuianuduiusideudouraswauyssim

diaupaanwarlnifliannnssuiunsudsgluaraienudnuue Usenaume 1) 91gvedsagud 2) 8nsnstdause

@

U 3) Adsaesvasszormaazan 4) MdsansvasyuinAIossud 5) aszazaunsldan uag 6) szidanan wui
wuuaesmnuuUiiussanBn gt uegeitdidy Tnstans XGBoost dufle R2 by 0.9419 uag Accuracy sndu
Yoway 92.38 vauzdiAn MAPE anauvdoienay 7.62 uansfennuanunsavesuuusrasdunisiiouinnuduiudidedn
FENTNANANBULAN 9 VDITOLUAL DD

HAN1THATIER ANUEIAYTOIAMAN YL VBIMUUTIA8Y XGBoost FLiuidadenidndnadesiariieaesuiniian

v
N 1o

5 UAULSN bALA USTLANYaLNET Usennsn YunLAS98us 899 LagAMaI@advaansodsus ngsiudatiminuinnin

a

Jeuaz 68 vasaNudAyNe Baansindademanaliavessosudinareyarinainlaenss vausNUAEn 91850 uaz

syuutuedouiinalusyauUiunane drudvazdminddnsnaiioadntias nasinanaenadssiuAUseansnnlunnsan

av o

5 Fauanslmdiuinnisiiinaudn vz daeyiuswazidau jéuiusvisliuuudiassanmianunainiadou (MAE, RMSE,

MAPE) wagiiiuanuiug1vasnisnennsallnog1aiitodfgy

o

v
o

nsuszendliinafianisifeudvesasesiindunisaiuaudnvuyininmneanluanddetamnsadinusednsamly

s .

nIngInsaisasagudiieasdlaetnedniau lagianizwuudnaes XGBoost Felvinaansnlauuiuggegauazainy

¥
¥

AaeLAdaUEan Naanshananausathlulssandldiduniesdloativayunisdndulavesde fuie wavdliuinisduie

Y

ieUszfiuyarnsasudiiloassegnandusssu Wsdla wavtenseduinsgiuvesmainsasudiioasdhuussmelny

80



N
fz" Y Journal of Engineering and Digital Technology (JEDT)
LS:LE/DTP Vol.14 No.1 January - April 2026
o~

a a

naAnIINUIENIA

YeveUNIEAM AMLINgMmansuazinalulad wazanyinginsdnns unanendesuigoin uedradaiilaling
atuayuninensuazdaioaniudl yaains warssawAzmINITITANAS NI AN SeusiBorom st
Fnenwuoeindds wazveveuam Viules Kaidee.com One2Car.com uay Chobrod.com Miluuvasteyaddgueanis

v = a ca & & 1A Y =1
afindeyaielilunsiesginilulselovdeddwienuidelunsail

REFERENCES

[1] S. Bergmann and S. Feuerriegel, “Machine learing for predicting used car resale prices using granular vehicle equipment
information,” Expert Syst. Appl., vol. 263, 2025, Art. no. 125640, doi: 10.1016/j.eswa.2024.125640.

[2] L. Bukvi¢, J. P. Skrinjar, T. Fratrovi¢, and B. Abramovi¢, “Price prediction and classification of used-vehicles using supervised
machine learning,” Sustainability, vol. 14, no. 24, 2022, Art. no. 17034, doi: 10.3390/s5u142417034.

[3] M. Nandan and D. Ghosh, “Pre-owned car price prediction by employing machine learning techniques,” J. Decis. Anal. Intell.
Comput., vol. 3, no. 1, pp. 167-184, 2023, doi: 10.31181/jdaic10008102023n.

[4] A Theppanya and N. Netpradit, “Forecasting the used car price index using time series forecasting methods,” (in Thai), Maejo
Bus. Rev., vol. 6, no. 2, pp. 81-95, 2024, doi: 10.14456/mbr.2024.10.

[5] A AlShared, “Used cars price prediction and valuation using data mining techniques,” M.S. thesis, Rochester Inst. Technol.,
Rochester, NY, USA, 2021. [Online]. Available: https://repository.rit.edu/theses/11086

[6] V. Singrodia, A. Mitra, and S. Paul, “A review on web scrapping and its applications,” in Proc. Int. Conf. Comput. Commun. Inform.
(ICCCI), Coimbatore, India, 2019, pp. 1-6, doi: 10.1109/ICCCI.2019.8821809.

[7]1  N.Burkart and M. F. Huber, “A survey on the explainability of supervised machine learning,” J. Artif. Intell. Res., vol. 70, pp. 245-
317, 2021, doi: 10.1613/jair.1.12228.

[8] B.Rolf et al., “A review on unsupervised learning algorithms and applications in supply chain management,” Int. J. Prod. Res.,
vol. 63, no. 5, pp. 1933-1983, 2025, doi: 10.1080/00207543.2024.2390968.

[91 L.-Z Guo, L.-H. Jia, J.-J. Shao, and Y.-F. Li, “Robust semi-supervised learning in open environments,” Front. Comput. Sci., vol. 19,
2025, Art. no. 198345, doi: 10.1007/511704-024-40646-w.

[10] H. Xie et al., “Reinforcement learning for vehicle-to-grid: A review,” Advances Appl. Energy, vol. 17, 2025, Art. no. 100214, doi:
10.1016/j.adapen.2025.100214.

[11] J. S. Jhala and D. Anand, “Comparative analysis of supervised learning algorithms for valuating used car prices,” in Proc. Int.
Conf. Advancement Comput. Comput. Technol. (InCACCT), Gharuan, India, 2023, pp. 265-270, doi: 10.1109/InCACCT575
35.2023.10141827.

[12] R. Nuzulia, A. Misbullah, L. Farsiah, Rasudin, Husaini, and S. A. Nazhifah, “Comparative analysis of XGBoost and random forest
for used car price prediction,” in Proc. Int. Conf. Elect. Eng. Inform. (ICELTICs), Banda Aceh, Indonesia, 2024, pp. 125-129, doi:
10.1109/ICELTICs62730.2024.10776051.

[13] N. O. Idris, A. Achban, S. A. Utiarahman, J. Karim, and F. Pontoiyo, “Predicting the selling price of cars using business intelligence
with the feed-forward backpropagation algorithms,” in Proc. 5th Int. Conf. Inform. Comput. (ICIC), Gorontalo, Indonesia, 2020,
pp. 1-6, doi: 10.1109/1CIC50835.2020.9288594.

[14] R. B. A. Supleo, R. G. De Luna, and A. C. Padilla, “Predicting used car prices in Metro Manila using artificial neural networks on
web-scraped data,” in Proc. 7th Int. Conf. Inform. Comput. Sci. (ICICoS), Semarang, Indonesia, 2024, pp. 30-35, doi:
10.1109/ICIC0S62600.2024.10636891.

[15] F.Wang, X. Zhang, and Q. Wang, “Prediction of used car price based on supervised learning algorithm,” in Proc. Int. Conf. Netw.,

Commun. Inf. Technol. (NetCIT), Manchester, UK., 2021, pp. 143-147, doi: 10.1109/NetCIT54147.2021.00036.

81



e

Journal of Engineering and Digital Technology (JEDT) j@

Vol.14 No.1 January - April 2026 Z/XET F
o~

[16] J. D. Apeko, I. O. Osunmakinde, M. M. Abdulgader, and K. C. Nwosu, “Predictive analytics on used car prices using business
intelligence of Bayesian networks for sales risk reduction,” in Proc. Int. Conf. Elect., Comput. Energy Technol. (ICECET), Cape
Town, South Africa, 2023, pp. 1-6, doi: 10.1109/ICECET58911.2023.10389200.

[17] H.lJing, X. Ye, and S. Manoharan, “Residual value of used car analysis and prediction,” in Proc. Int. Conf. Elect. Comput. Energy
Technol (ICECET), Cape Town, South Africa, 2023, pp. 1-6, doi: 10.1109/ICECET58911.2023.10389355.

[18] G. Buturac, “Measurement of economic forecast accuracy: a systematic overview of the empirical literature,” J. Risk Financial
Manage., vol. 15, no. 1, 2022, Art. no. 1, doi: 10.3390/jrfm15010001.

[19] J. O’Trakoun, “Business forecasting during the pandemic,” Bus. Econ., vol. 57, no. 3, pp. 95-110, 2022.

82



T
,5\6’ Y Journal of Engineering and Digital Technology (JEDT)
2/S’I\E/DTP Vol.14 No.1 January - April 2026
o~

o o 1 di a '3 1 1 L% ] (%
LLUUR]’]ﬂSQLﬂiE]?J’]EJLWB’JLﬂ'i']&“l/iﬂ']'iLL‘Wi'i%‘U’]91‘1]9\11’5?]11]9]’1QSJUﬁ']U%MﬂQIUﬂiSL‘VIﬂ‘lVIEJ

(% o %

YLYIUATUA TAULITIA

‘aalzInenmansuazinalulad umInerdesvinwssunsaieyse, wizunsATeyse, Uszinalne

*BiagUseiiusussana: pormarch@yahoo.co.th

Susuatiu: 17 fugneu 2568; SUUNAIMNRTULAL: 12 UNIAN 2569; MBUSUUNAIY: 14 UNS1AN 2569

wennseaulayl: 27 wwey 2569

unAnga

TP UL AIALNDNAILILALIATIEVUUINABINANAAIEASULLASIFS19LAS B8 @DILNAUA LNDRNYINITHNS

q

o

I

°

szunvadlsaluasiuduzndslulszndalne Tneduunuszensiiveonidu 4 nguaiuaaunsalfioide uazfiansannis

Ad a B

Feulosszniaasiiunfiinnnnisindeudevesuuasiiunmeuazviounug uwuuiiasamneedinaiansgniasizmds

doydnuallegldumsndudalulumsdunuduiusiugiu R) uazaiaaeulaissn nesgnaunamenguiunianay

a '

Y9n05IN3U HANTANYVINUIENIINTARWBLAL NI INMTHUMTBVENasen1 R, winiign lnguuudnaesanunsnesung

wadnvadsalaidluaniizlslsalazaniigsyuin Feazvioulmiiudaninudssdunisnseaeseninanunninsiedaudusu

o

g Jataveidauleveidenndesiunan1side lauwn nsauaunsmdeudrevieunug msldiugiumu uagnsianis

g
& A ' 4 a a a AN 9 A
Nunvanegnavungan Weliuussansninlunismunulsaluastiudilenasegnedstiu

Y 9

AaAgy: lsaluadudlends nsmivaulsn wuuinasmeadaaans 1nssasnesets wnsndiudnly

83



e

Journal of Engineering and Digital Technology (JEDT) f6 A

Vol.14 No.1 January - April 2026 Z/SEEDTP
o~

Network Modeling and Analysis of Cassava Mosaic Disease Transmission

in Thailand

Chayanusapat Rattanavarawong’

*Faculty of Science and Technology, Phranakhon Si Ayutthaya Rajabhat University,
Phra Nakhon Si Ayutthaya, Thailand

*Corresponding author e-mail: pormarch@yahoo.co.th

Received: 17 September 2025; Revised: 12 January 2026; Accepted: 14 January 2026
Published online: 27 April 2026

Abstract

This study aims to develop and analyze a mathematical model based on a two-node network structure to
investigate the spread of cassava mosaic disease in Thailand. The plant population is divided into four
compartments according to infection status, and the connections between two regions are considered through the
movement of insect vectors and stem cuttings. The mathematical model is analyzed symbolically using the next
generation matrix to calculate the basic reproduction number (Ry), and the stability of equilibrium points is
examined via the Gershgorin circle theorem. The results show that the infection and recovery rates have the
greatest influence on Ry. The model explains the disease dynamics under both disease-free and endemic
conditions, highlighting the risk of transmission between regions through the movement of planting materials. Policy
recommendations consistent with the finding include controlling the migration of stem cutting, adopting resistant
cultivars, and implementing appropriate field management to enhance the sustainable control of cassava mosaic

disease.

Keywords: Cassava mosaic disease, Disease control, Mathematical modeling, Network structure, Next generation

matrix
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Abstract

Geopolymer paste is one type of environmentally friendly binder material with outstanding mechanical
properties and high durability. However, heat curing is necessary to accelerate the geopolymerization. This
research aimed to study the influence of ground oyster shells on the properties of fly ash geopolymer paste at
a normal ambient temperature. High-calcium fly ash and ground oyster shells were used as the main raw
materials in the ratios of 100:0, 75:25, 50:50, 25:75, and 0:100 by weight. The liquid-to-powder material ratio at
0.6 and the sodium silicate to 10 M sodium hydroxide ratio at 1.0 by weight were used. Geopolymer paste
properties were tested, including flow value, setting time, compressive strength, and microstructure analysis. The
experimental results found that the flow rate and setting time of the geopolymer paste decreased when the
quantity of ground oyster shells increased. The 75:25 mixture of fly ash and ground oyster shells achieved the
maximum compressive strength of 44.3 MPa at 28 days. Microstructural analysis revealed that calcium leached
from the shell reacted with silicates and aluminates to form C-A-S-H alongside the main geopolymer gel,
resulting in a denser microstructure and enhanced compressive strength. It was shown that geopolymer paste
from fly ash mixed with ground oyster shells has high potential for producing environmentally friendly

construction materials, with good compressive strength development under room temperature curing.

Keywords: Compressive strength, Fly ash, Geopolymer paste, Ground oyster shells, Microstructure
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Abstract

This research performs a sensitivity analysis on inventory replenishment for multiple demand locations using
a partial joint ordering policy. Specifically, the study examines inventory replenishment for dispersed systems
comprising five and ten locations. A performance index compares the partial joint ordering policy against a full
joint ordering policy by calculating the ratio of their total inventory costs. The problem is formulated as a binary
linear programming optimization model and solved using the Excel Solver to minimize total inventory cost.
Sensitivity analysis is conducted to evaluate the impact of variable setup costs and demand levels on the total
inventory cost of partial joint ordering. Variable setup costs are analyzed across a range from 2,000 to 40,000.
The study considers dispersed location systems with both equal and unequal variable setup costs. Furthermore,
demand is classified into two cases: equal value of 10,000 and unequal values between 8,000 to 22,000.
The results show that for the distribution system having different demands, when variable setup cost increases,
the performance index decreases. For five locations problem and ten locations with the unequal demands and
high variable setup cost, the partial joint ordering gives the total inventory cost in average lower than the full joint
ordering by 1.69% and 2.75%, respectively. The distribution system with high different dispersed demands,
the partial joint ordering has an advantage in term of total inventory cost. On the other hand, the partial joint

ordering is not advantageous when the dispersed demands are equal or not much difference.

Keywords: Inventory cost, Multiple locations, Partial joint ordering, Performance index, Variable setup cost
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INTRODUCTION

The inventory decisions of multiple items or multiple locations in the distribution system involve solving for
replenishment quantities and replenishment periods from the same supplier to reduce the ordering cost. Joint
ordering policy is known as the replenishment method for multiple items or multiple locations’ demands by
applying the same replenishment period for delivery. The distribution system with multiple demands’ locations
involves replenishing decisions of when and how much to order items or how many locations’ demands including
to the same delivery schedule that minimizes the total costs of the inventory holding cost and the procurement
cost. The joint ordering is developed based on the economic order quantity principle which considers the total
replenish cost to serve all demands of multiple items or locations. The Economic Order Quantity or EOQ firstly
presented by Harris F. in 1913 is the principle of economic replenishment quantity of an item. The EOQ model
considers replenishment quantity that minimizes the total cost of the inventory setup cost or procurement cost
and the inventory holding cost according to the item’s demand. Therefore, each item has its own reorder point
and replenishment period. On the other hand, the other replenishment policy by applying the economic order
interval is based on replenishment period which has an advantageous in practicality. Each item with different
demand will occupy different replenishment period, thus the joint ordering policy can be applied to get the same
replenishment period. Several research have studied the variance problems of multiple items in logistics and
supply chain. The systematic literature review of the full joint replenishment inventory control are studied by [1].
The research of [2] firstly proposed a “Power-of-Two” policy and demonstrated that by rounding the ordering
intervals to powers of two guarantees a cost within 2% of the optimal solution. In the supply chain management,
the replenishment problem of the multiple items and multiple locations has been studied widely. The research
of [3] extended the power of two policy to solve inventory and routing problem of one warehouse and multiple
retailers’ distribution system. The replenishment decisions have been studied extensively in the variance problems
of the logistics and supply chain management. The research of [4] proposes the power of two policy applied to
determine the inventory replenishment policy for the problem of vehicle routing of multiple warehouses and
multiple retailers’ distribution system. From the full joint replenishment presented by [5], all items or locations
are replenished at the same time. When all locations’ demands are replaced at the same period which means
that the replenishment quantities are adjusted to respond to the demand rate and replenishment period. The full
joint replenishment is simplest to manage but it is inefficient if the demand rates vary and the inventory will be a
mix of items with shortages and excess inventory. The full joint replenishment considered inventory costs which
compose of inventory holding cost, the procurement cost consisting of fixed setup cost, and the variable setup
cost varying on the individual item. [6] applied genetic algorithm to solve the can-order policies in the joint
replenishment problem. This research aims to determine the can-order level of each item that minimize the
number of items in storage, the number of stockout items, and the number of placed orders. The cost structure
of joint ordering is studied by [7] introducing the jointly incurred fixed procurement costs based on the
interrelationship of items. This research introduces the nonlinear (mixed integer) programming formulation for the
problem of determining an optimal power-of-two policy. The joint ordering policy for multi-item inventory control
under stochastic demand and step-wise structure of purchasing cost is presented by [8]. This research has

introduced a new policy called the (s, Q) policy, which places an order of a fixed quantity Q every time the
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inventory position of any given item drops to the reorder point s. Each replenishment order is distributed among
multiple items to equalize the inventory levels of all items as much as possible.

The inventory management using spreadsheet based or Excel Solver is extensively studied by researchers.
Simulation optimization is more interesting than the heuristics method in solving the real problem, since demand
and lead time are not constant and deterministic values. Thus, the traditional model like EOQ which solve constant
and deterministic demand and lead time is not practical. The research of [9], [10], [11] apply spreadsheet or Excel
to simulate and apply the optimization model in inventory management problems. [9] proposes a practical
application by developing the spreadsheet to manage inventory problem in National Pharmacy Chain. The research
of [10] applies simulation approach with spreadsheet to solve stochastic inventory model of perishable product.
[11] focuses on developing model by applying function and formulars in spreadsheet and performing the factor
analysis. The research of [12] focuses on simulating the join ordering policy on Excel and comparing the difference
inventory policies by varying the values inventory parameters which are replenishment quantity, replenishment
period, and safety stock.

From the literature survey, the research of partial joint ordering simulated on spreadsheet is rarely studied.
The partial joint replenishment policy in the multi-item or muti-location distribution system is the inventory
management strategy between individual ordering and full joint ordering. Since, the solution from the full joint
ordering does not always give the minimum total cost and are not practical for the capacitated vehicle, the partial
joint replenishment will be more advantage when the multi-item inventory model has unequal demands.
The partial joint replenishment tends to have benefit on lower inventory cost when demands are varied as well.
The improvement of the full joint ordering policy by implementing the partial joint ordering is presented by [13].
The research of [13] proposed heuristic clusters multiple items by considering the replenishment intervals those
are close values. The annual cost of the partial ordering and individual ordering are compared. The extension study
to improve full joint ordering of multiple items inventory problem with partial joint ordering is interesting.
In addition, the inventory simulation on spreadsheet This research also focuses on improving the solution by
varying the inventory holding cost fractions.

Therefore, this research focuses on setting the simulation model of the partial joint ordering on spreadsheet to
solve for the optimal solution, performing sensitivity analysis on the related parameters and comparing
the scenarios of equal and unequal demands. The solutions to the partial joint ordering are the set of clusters of
demands’ locations those minimize the total inventory cost. Each cluster represents the same delivery route.
The solutions from applying the partial joint ordering are the clusters of demands which each cluster contains
the locations those have the same replenishment period. Thus, the decision variable value (x;;) is either 1 or 0.
xij value is 1, if location i is assigned to cluster j, otherwise the value is 0. The variable setup cost represents
the cost of adding each item to the delivery cluster. The examples of the variable setup cost are the cost of
delivery, the cost of setting up order when adding more items or locations, administrative costs, or other costs
relating to adding more items or locations to the order. This research considers the constant values of inventory
holding cost, inventory setup cost, and demand. This research aims to develop the partial joint ordering model
using spreadsheet focusing on optimizing delivery schedules and minimizing total costs. Then the sensitivity analysis

is performed to evaluate how changes in inventory setup cost and demand impact the total cost, facilitating
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improved inventory control. The locations’ demands are varied from equal demand for all locations to unequal
demands which divided into two groups: the locations with low level demand and the locations with high-level
demand. For the setup cost, the variable setup cost is added to the total inventory cost, if the items are included
to the same cluster. The variable inventory setup cost represents extra delivery cost, or extra procurement cost
when adding that locations to the considering delivery cluster. The research question addresses whether a joint
ordering policy yields greater cost advantages than a full joint ordering approach when inventory setup costs vary
across locations. Therefore, the research objective is to study the sensitivity analysis of demand and variable
inventory setup cost on the partial joint ordering. The total inventory cost from the solution of partial joint ordering
is compared to the full joint ordering. Thus, this research aims to develop the model on Excel spreadsheet and
perform the sensitivity analysis by varying the demands and variable setup cost of each location to study

the performance of partial joint ordering. The total cost of partial joint and full joint is compared.

METHODS
1. Research Methodology

This research aims to study sensitivity of variable setup cost to the partial joint replenishment policy with
the capacitated vehicle in the distribution system of multiple locations’ demands. The solution by applying the
partial joint ordering is the clusters of locations which demands belonging to each cluster has the same replenishment
interval. To compare the performance of partial joint to the full joint ordering, the total cost of both models is
compared. The demands and setup cost are varied to study the behavior of partial joint ordering.
The related assumptions are as follows:

1) The annual demand of each location is deterministic and constant.

2) The total inventory cost consists of holding cost and procurement cost or setup cost.

3) The holding inventory cost is known and constant.

4) The inventory setup cost consists of fixed cost and variable cost which is deterministic and constant.

5) There are multiple identical capacitated vehicles

The related notations are as follow:

D; is the item demand of location i

x;;j is the decision variable of which the value is either 1 or 0, if x;; = 1 location i is assigned to cluster j,
otherwise x;; = 0

C; is the item cost of location i

Q; is the replenishment quantity of location i

T; is the replenishment interval of location i

H; is the inventory holding cost of items of location i

SF; is the fixed setup cost of the inventory replenishment of location i

SV; is the variable cost of the inventory replenishment of location i

Tioine is the replenish period of the joint ordering policy

T;j is the replenishment period of location i belonging to cluster j for partial joint ordering policy

VC is the vehicle capacity
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TCjoine is the total inventory costs of all locations with joint ordering

TCpartiar_joint 1S the total inventory costs of partial joint ordering cost of cluster 1 to cluster m

The economic order quantity considers the replenishment policy with the minimization of total inventory cost
composing of the inventory setup cost and the carrying cost according to the equation (1) and (2). On the other
hand, the replenishment period is calculated as equation (3). The replenishment quantity (Q;) is solved by
the differentiation of the total cost function according to equation (4). The replenishment period is solved for the
optimal point of equation (5). The joint ordering policy considers all items’ replenishing cost and the replenishment
interval with minimum total cost with equation (6). The formula for the joint ordering replenishment period is

shown in equation (6).

re(e = S 4 A %

Q, = ZSI[ZDi ©)

T, = Zigi (3)

TC(Q0) joine = 3 {(SFi +D$W)Qi+HizQi} (@
L

reopu = 3 (10 400 5

n- [ ©

For partial joint ordering replenishment policy, the solutions are the set of clusters which each cluster contains
locations having the same replenishment period. The objective function is to minimize the total cost of all clusters
for all demands’ location. Each cluster contains locations are grouped to deliver at the same replenishment period.

The total cost of the partial joint ordering as shown in equation (7) is the function of T;;. The total inventory cost
(SF;+SVv;)

H;D;T;
consists of the inventory holding cost, ———, and the ordering setup cost, , which composes of the fixed

ij
setup cost and the variable setup cost.

n

m
(SF; +SV;) HDT;
TC(Tij)partial_joint Z Z { + 2 (7)

j=1i=

The replenishment quantities of all locations are calculated as the following equation.

Qi = Di X Tij_partial_joint ®
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The vehicle capacity of the partial joint ordering is the additional considered constraint. The replenishment
quantities are calculated according to equation (8). The replenishment quantities of all locations in the same

cluster must not exceed the vehicle capacity as shown in equation (9).

n

Z Q<=sVC 9)

i=1

2. The Mathematic Model
The problem is formulated as binary linear optimization. The problem model is set and solved by using Excel
Solver. The research model is solved under the following objective function and constraint functions.

The objective is to minimize,

m n
(SF; + SV,) H:D;T;;
TCpartial_joint = ZZ [{ LT“ ‘ + : 21 Y X Xij (10)
j=1i=1 Y
Subject to
n
Xij =n (11)
i=1

iXi]- =n (12)

QiSVC,aSn (13)

The objective function, equation (10), considers the inventory holding cost and the ordering setup cost.
The first constraint is all n locations must be assigned to the deliver cluster. The second constraint is the total
locations in all clusters are equal to m. Equation (13) represents the replenishment quantities of all assigned
locations in each cluster must not exceed the vehicle capacity. The last equation (14) is the problem solution is
binary value. The solution to the problem is to assign location / to the cluster j. All locations are clustered by

considering the total inventory cost according to equation (10).

3. The Setting Up Model Using Excel Solver

The problem is formulated as binary linear optimization. The problem model is set and solved by using Excel
Solver. The inventory problem of 5 locations (R1 to R5) and 10 locations (R1 to R10) are set up. The sensitivity
analysis of the variable setup cost and demands are studied to observe the behavior of the model. From figure 1,
R1 to R5 represent location 1 to location 5, respectively. Cluster 1 to Cluster 5 represent the solution alternatives.
The problem solutions are shown in yellow area which the solution (X;;) is either 1 or 0. If X;; = 1, the location /

is assigned to cluster j, otherwise, X;; = 0. Row 9 is the variable setup cost which represent the cost of ordering
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individual item. The examples of variable setup cost are costs of delivery, material handling, extra services, or
other extra costs beside common fixed setup cost when order for multiple locations. Row 10 is the value of Fixed
ordering cost which will cost only once when the order of any number of locations is placed. Row 11 is the
inventory holding cost. Row 12 is the demand values of each location. Row 13 and row 14 is the time between

order (TBO) in year and day of each location when the location places order independently. Row 15 is the fixed

ordering cost same as row 10 and row 18 is the vehicle capacity.

e

1 B c D E F G H [ J K L

2 R1 R2 R3 R4 RS sum T*joint{Partial)| Tday TotalCost

3 [Cluster1 1 0 0 0 0 1 0.469 169| 46904.1576 4691
4 |Cluster2 0 1 0 0 0 1 0.469 169| 48904.1576 4691
5 |Cluster3 0 0 1 0 0 1 0.787 283| 78740.0787 7875
6 |Clusterd 0 0 0 1 0 1 0.787 283| 78,740.08 7875
7 |Clusters 0 0 0 0 1 1 0.787 283| 78,740.08 7875
8 |[sum 1 1 1 1 1 5 330,028.55 33007
9 |VariableOC(SVi) 10000 10000 30000 30000 30000

10 |FixedOC (SFi) 1000 1000 1000 1000 1000

11 |Holdingcost {Hi) 10 10 10 10 10

12 |Demand (Di) 10000 10000 10000 10000 10000

13 [TBO (year) (Ti) 0.141 0.141 0.141 0.141 0.141

14 [TBO (Day) 51 51 51 51 51

15 |FixedOC 1000

16 [VehicleCap 100,000

For 10 locations problem, the cells setup is the same except there are five more rows and 5 more columns for

Figure 1: The five locations problem setting on Excel

the 5 more locations as details shown in figure 2.

1 B C D E F G H | J K L M N 0 P Q

2 R1 R2 R3 R4 R5 R& R7 R8 R9 R10 [sum |T*joint (Partial) |Tday TotalCost

3 [Clusterl o o 0 0 0 o 0 0 [i] (i] (1] 0,000 1] 0 0
4  |Cluster2 0 0 0 0 0 0 i} 0 (1] (1] (1] 0,000 (1] 0 0
5 Cluster3 o o o o o o 0 o (1] (1] (1] 0,000 o o 0
6 |Clusterd 1 0 1] 1] 1 1 1] 1] 1] 1 4 0.897 323 358887.1689 35889
7 |Clusters o o 0 0 0 o 0 0 o (1] o 0,000 o 0 0
8 [Clusters o o i} i} i} o 0 i} (] (1] [i] 0,000 [i] i} i}
9 Cluster? 0 0 0 0 0 0 0 0 0 '] '] 0,000 0 0 0
10 [Clusters 0 1 0 1 0 0 1 0 1 0 4 0.897 323 358887.1689 35889
11 [Clusters 0 0 0 0 0 0 0 1 0 0 1 0.906 326| 90553.85138 5056
12 [Cluster1o 0 0 1 0 0 0 0 0 0 0 1 0.906 326| 90553.85138 8056
13 |sum 1 1 1 1 1 1 1 1 1 1 10 B98,882.04 BABI0
14 |VariableOC(SVi) A0000 [ 40000 ( 40000 40000 | 40000 | 40000 ( 40000 ( 40000| 40000| 40000

15 |FixedOC (SFi) 1000( 1000 1000 21000| 1000 1000( 1000\ 1000 1000| 1000

16 [Holdingcost (Hi) 10 10 10 10 10 10 10 10 10 10

17 |Demand (Di) 10000| 10000| 10000( 10000| 10000| 10000( 10000| 10000| 10000( 10000

18 |TBO (year) (Ti) 0.141( 0.141( 0.141( 0141 0.141) 0.141] 0.141| 0.141( 0.141| 0.141

19 |TBODay 51 51 51 51 51 51 51 51 51 51

20 |FixedOC 1000

21 |VehicleCap 100,000

The Solver analysis is set as shown in figure 3 and figure 4 for five locations’ problem and ten locations’ problem.

The Evolutionary method is applied. The objective function is to minimize total inventory cost which is cell K8 and

Figure 2: The ten locations problem

cell P8 for five locations and ten locations, respectively.
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@ Solver Parameters @ Solver Parameters
Set Objective: sKs8l _ Set Objective: $P$13 _
To: Max © Min Value Of: To: Max © Min Value Of:
By Changing Variable Cells: By Changing Variable Cells:
$C$3:3G$7 _ $C$3:$L812 _
Subject to the Constraints: Subject to the Constraints:
$C$3:$G$7 = binary Add 1 9C$13:51813 =1 Add
$C$8:5G$8 =1 $C$3:5L$12 = binary
$H$8 =5 $M$13 = 10
$LS3 <= $C516 Sianos $Q510 <= $C521 Chanas
$L$4 <= $CS$16 $Q3511 <= $Cs$21
$L$5 <= $CS$16 Delete $Q$12 <= $CS$21 Delete
$L$6 <= $CS16 $Q$3 <= $Cs21
$L$7 <= $CS16 $Q3%4 <= $Cs21
Reset All $QS5 <= $C$21 Reset All
$Q3$6 <= $Cs21
Load/Save $Q$7 <= $C$21 Load/Save
Make Unconstrained Variables Non-Negative Make Unconstrained Variables Non-Negative
Select a Solving Method: Evolutionary - Options Select a Solving Method: Evolutionary - Options
Solving Method Solving Method
Select the GRG Nonlinear engine for Solver Problems that are smooth Select the GRG Nonlinear engine for Solver Problems that are smooth
nonlinear. Select the LP Simplex engine for linear Solver Problems, nonlinear. Select the LP Simplex engine for linear Solver Problems,
and select the Evolutionary engine for Solver problems that are non- and select the Evolutionary engine for Solver problems that are non-
smooth. smooth.
Close Solve Close Solve
Figure 3: Setting five locations problem on Excel Solver Figure 4: Setting ten locations problem on Excel Solver

4., Experimental Design

The research objective is to study the sensitivity of related parameters of the partial joint ordering model.
The replenishment of 5 locations and 10 locations are solved by using Excel solver. The demand and ordering
setup cost are the interested factors. The demand is classified as equally and constant demands’ problem and
the different demands at each location problem. The different demands are grouped as low and high demands.
In addition, the variable setup cost of ordering is varied from low to high values.

The sensitivity analysis of parameters is studied on small problem of five locations and large problem of ten
locations. The values of demands, inventory holding cost per unit, the inventory setup cost, are as follow:
For 5 locations problem

D; = 10,000 units/year of all locations for the case of constant demands, and

= 20,000, 25,000, 10,000, 12,000, and 8,000 for different demand of location 1 to 5, respectively.

H; = 10 Baht per unit

SF;= 1,000 Baht per order

SV;= 2,000, 5,000, 10,000, 20,000, 30,000, 40,000 Baht per order

RESULTS AND DISCUSSION

The sensitivity analysis of the partial joint ordering model is studied by varying demand of equal demand and
different demands. The variable setup cost is varied from low to high. The demand values are classified to low
and high demand for each location to study the behaviors of partial joint ordering. The performance index represents

how the solution is better than all joint ordering. If the value of performance index is lower than 1, the partial joint
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gives lower cost or better solution. The performance index of partial joint ordering is shown as equation (15).
For the individual ordering, each location will place order independently. Each location has its own replenishment

period and will order independently. The performance of individual ordering is measured as shown in equation (16).

Cost of Partial Joint Order

Performance Index, g, ¢iq1 = Cost of All Joint Order (15)
Performance Index ... _ Cost of Individual Order (16)
indvidual = cost of All Joint Order
Table 1: The scenarios of small problem of 5 locations with the difference values of demands and variable setup cost
Equal Unequal Scenarios of Different Ordering Setup Cost (Variable Cost)
Location
Demand | Demand 1 2 3 4 5 6 7 8 9 10
1 10,000 20,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
2 10,000 25,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
3 10,000 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
4 10,000 12,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
5 10,000 8,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000

Table 2: The scenarios of large problem of 10 locations with the difference values of demands and variable setup cost

) Equal Unequal Scenarios of Different Ordering Setup Cost (Variable Cost)
Location Demand | Demand 1 2 3 4 5 6 7 8 9 10
1 10,000 20,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
2 10,000 25,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
3 10,000 22,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
a4 10,000 20,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
5 10,000 25,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
6 10,000 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
7 10,000 8,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
8 10,000 12,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
9 10,000 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
10 10,000 8,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000

By varying the demand values and the setup cost values according to table 1 and table 2, the performance
index values are shown in table 3 and table 4 for 5 locations problem. When the demand is constant and equal
with the higher value of setup cost, the better the performance index of partial joint ordering comparing to all
joint ordering. However, for equal demand, all joint ordering gives better solution than the partial joint ordering.
On the other hand, for the unequal demand (table 4), two locations with high demand and three locations with
low demand, the partial joint ordering gives lower cost than the solution of all joint ordering, since performance
index values are lower than 1. In conclusion, when the distribution system with constant and unequal demands,
the replenishment solution from partial joint ordering is better than all joint solution since the performance index

of partial joint (Pl na joint) is less than 1.0, especially when the variable setup cost increase. When the system has
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different variable setup cost values, the locations with high demands and low setup cost will be grouped into

the same clusters and the locations with low demands will be grouped into another cluster.

Table 3: The results of performance index values of partial joint ordering and independent ordering

(5 locations with constant and equal demand of 10,000)

Equal Scenarios of Different Ordering Setup Cost (Variable Cost)
Location
Demand 1 2 3 4 5 6 7 8 9 10
1 10,000 2,000 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
2 10,000 2,000 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
3 10,000 2,000 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
a4 10,000 2,000 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
5 10,000 2,000 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
Performance IndeXpartial joint 1.000 1.000 1.010 1.000 1.003 1.002 1.017 | 1.028 0.976 0.970
Performance INdeXguidual 1.168 | 1.074 | 1.038 | 1.020 | 1.013 | 1.010 | 1.081 | 1.095 | 0.991 | 0.988

Table 4: The results of performance index values of partial joint ordering and independent ordering

(5 locations with difference demand of 20,000, 25,000, 10,000, 12,000, 8,000)

Unequal Scenarios of Different Ordering Setup Cost (Variable Cost)
Location

Demand 1 2 3 4 5 6 7 8 9 10
1 20,000 2,000 5,000 10,000 20,000 30,000 40,000 | 2,000 | 5,000 | 10,000 30,000
2 25,000 2,000 5,000 10,000 20,000 30,000 40,000 | 2,000 | 5,000 | 10,000 30,000
3 10,000 2,000 5,000 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
a4 12,000 2,000 5,000 10,000 20,000 30,000 40,000 | 5,000 | 2,000 | 30,000 10,000
5 8,000 2,000 5,000 10,000 20,000 30,000 40,000 | 5,000 | 2,000 | 30,000 10,000
Performance INdeXya st joint 1.025 | 09997 | 0997 | 0.985 | 0988 | 0.983 | 0.953 | 1.000 | 0.976 | 1.000
Performance INdeXindidual 1.141 1.050 | 1.015 | 0.9965 | 0.990 | 0.987 | 1.022 | 1.108 | 0.991 | 1.018

Table 5: The results of performance index values of partial joint ordering and independent ordering
(10 locations with constant and equal demand of 10,000)
Equal Scenarios of Different Ordering Setup Cost (Variable Cost)
Location

Demand 1 2 3 4 5 6 7 8 9 10
1 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
2 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
3 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
4 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
5 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
6 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
7 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
8 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
9 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
10 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
Performance IndeXparial joint 1.067 | 1.057 1.015 1.01 1.005 1.004 1.046 | 1.056 0.987 0.994
Performance INdeXingependent 1.168 | 1.077 | 1.044 1.022 1.015 1.011 | 1.091 | 1.091 | 0.991 0.99

121



e

Journal of Engineering and Digital Technology (JEDT) fg" A

Vol.14 No.1 January - April 2026 Z/SEEJTF
o~

For the bigger problem, the 10 locations scenarios are studied. There are two scenarios which are constant and
equal demands as shown in table 5 and constant unequal demands as shown in table 6. The average demand is
22,400 for the group of high demand and the average of 9,600 for the group of low demand. The variable setup
cost of ordering is varied from low to high between 2,000 to 40,000.

From table 3 and table 5, the distribution system with the equal or not much difference demand of all locations,
the full joint ordering gives lower total cost than the partial joint ordering, since the performance index is greater
than one. However, if the distribution system has difference inventory ordering cost, the partial joint ordering gives
the lower total cost than the full joint ordering. The individual ordering gives the same results as the partial joint
ordering.

By considering the solutions of unequal demands distribution system (table 4 and table 6), the scenarios of
the partial joint ordering with high variable setup cost gives lower total inventory cost than the full joint ordering,
since the performance index values are less than 1. The average values of performance index from the scenarios
are shown in table 7. The solution from the partial join ordering with high variable setup cost gives lower cost than

the solution from full joint ordering about 1.69% and 2.75% in average for 5 locations and 10 locations, respectively.

Table 6: The results of performance index values of partial joint ordering and independent ordering

(10 locations with difference demand of 20,000, 25,000, 22,000, 20,000, 25,000, 10,000, 8,000, 12,000, 10,000, 8,000)

Scenarios of Different Ordering Setup Cost (Variable Cost)
Location Unequal Demand
1 2 3 4 5 6 7 8 9 10
1 20,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
2 25,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
3 22,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
a4 20,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5000 | 10,000 | 30,000
5 25,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 2,000 | 5,000 | 10,000 | 30,000
6 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
7 8,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
8 12,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
9 10,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
10 8,000 2,000 | 5,000 | 10,000 | 20,000 | 30,000 | 40,000 | 5,000 | 2,000 | 30,000 | 10,000
Performance INdeXyu st joint 1.065 | 1.030 | 1.012 | 0.998 | 0.988 | 0987 | 1.019 | 1.026 | 0917 | 1.010
Performance INdeXingependent 1.168 | 1.060 | 1.020 | 0.999 | 0.992 | 0988 | 1.040 | 1.115 | 0.917 | 1.020

Table 7: The average values of performance IndeXyaral joint Which less than one from unequal demands cases

Problems of Average Performance Average Performance Percentage of Total Cost from Solutions of
unequal demands INdeXpartial_joint IndeXgartial_joint (%0) Partial Less than Full (%)
5 locations (table 4) 0.9831 98.31 1.69
10 locations (table 6) 0.9725 97.25 2.75
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CONCLUSION

This research develops a spreadsheet-based inventory model for partial joint ordering across multiple demand
locations, focusing on optimizing delivery schedules and lowering total costs. By applying sensitivity analysis,
the model evaluates how changes in inventory ordering cost and demand impact the total cost, facilitating
improved inventory control. The study applied a binary linear programming optimization model solved by using
Excel Solver to minimize total inventory costs under varying the value of demand and variable setup costs.
The performance of the partial joint ordering policy was evaluated against the full joint ordering policy using
the performance index. The results indicate that the effectiveness of the partial joint ordering policy is highly
dependent on the demand structure and variable inventory setup costs. The results indicate that, firstly, for
distribution systems with equal or consistent demands across locations, the partial joint ordering policy offers
no significant advantage over the full joint ordering policy. However, in scenarios characterized by unequal
dispersed demands, the partial joint ordering policy demonstrates a clear cost advantage. Secondly, as the variable
setup cost increases, the performance index decreases and less than one, indicating greater savings than the full
joint ordering. Thirdly, for system with five and ten locations featuring unequal demands and high variable setup
costs, the partial joint ordering policy reduced the total inventory cost by an average of 1.69% and 2.75%,
respectively, comparing to the full joint ordering. Lastly, partial joint ordering trends to gives lower total cost, when
the number of demand locations of the distribution system increases, especially the complex distribution system
with variation values of demand and ordering cost. In conclusion, the partial joint ordering policy is the superior
strategy for distribution system with high demand variance and significant varying of inventory setup costs, while

full joint ordering remains sufficient for systems with uniform demand patterns.

REFERENCES

[1] L. S. L. Bastos et al,, “A systematic literature review on the joint replenishment problem solution: 2006-2015,” Prod., vol. 27,
2017, Art. no. e20162229, doi: 10.1590/0103-6513.222916.

[2]1 R. Roundy, “98%-Effective integer-ratio lot-sizing for one-warehouse multi-retailer systems,” Manage. Sci., vol. 31, no. 11,
pp. 1416-1430, 1985, doi: 10.1287/mnsc.31.11.1416.

[3] S. Viswanathan and K. Mathur, “Integrating routing and inventory decisions in one-warehouse multi-retailer multi-product
distribution systems,” Manage. Sci., vol. 43, no. 3, pp. 294-312, 1997, doi: 10.1287/mnsc.43.3.294.

[4] A Supithak and W. Supithak, “Determination of inventory replenishment policy with the open vehicle routing concept in a
multi-depot and multi-retailer distribution system,” Eng. Appl. Sci. Res., vol. 45, no. 1, pp. 23-31, 2018.

[5]  J. L. Balintfy, “On a basic class of multi-item inventory problems,” Manage. Sci., vol. 10, no. 2, pp. 287-297, 1964, doi: 10.1287/
mnsc.10.2.28.

[6] K. Nagasawa, T. Irohara, Y. Matoba, and S. Liu “Applying genetic algorithm for can-order policies in the joint replenishment
problem,” Ind. Eng. Manage. Syst., vol. 14, no. 1, pp. 1-10, 2015, doi: 10.7232/iems.2015.14.1.001.

[71 A Federgruen and Y.-S. Zheng, “The joint replenishment problem with general joint cost structures,” Oper. Res., vol. 40, no. 2,
pp. 384-404, 1992, doi: 10.1287/opre.40.2.384.

[8] M. M. Tanrikulu, A. Sen, and O. Alp, “A joint replenishment policy with individual control and constant size orders,” Int. J. Prod.
Res., vol. 48, no. 14, pp. 4253-4271, 2010, doi: 10.1080/00207540802662904.

[9] Q. Liu, X. Zhang, Y. Liu, and L. Lin, “Spreadsheet inventory simulation and optimization models and their application in a national

pharmacy chain,” Informs Trans. Educ., vol. 14, no. 1, pp. 13-25, 2013, doi: 10.1287/ited.2013.0114.

123


https://pubsonline.informs.org/action/doSearch?text1=Balintfy%2C+Joseph+L&field1=Contrib

Journal of Engineering and Digital Technology (JEDT) jvc

N
~
Vol.14 No.1 January - April 2026 Zgl.\gﬂp
o~

[10] Y. Mulya, V. M. Nia, and S. Maryana, “Inventory simulation-optimization model for small business,” Int. J. Bus., Econ. Social
Develop., vol. 1, no. 2, pp. 55-60, 2020, doi: 10.46336/ijbesd.v1i2.36.

[11] N.T.N. Nhung and D. T. Tuan, “A spreadsheet model for determining level of factors in inventory management,” in Proc. Int.
Scientific Conf. (ISC), Ho Chi Minh, Vietnam, 2023, pp. 207-217.

[12] J. Hirunyasiri, “Comparison of joint-order inventory policies: A simulation study of pharma sale data,” Independent Study,
Sirindhorn Int. Inst. Technol., Thammasat Univ., Pathum Thani, Thailand, 2023. [Online]. Available: https://ethesisarchive.li
brary.tu.ac.th/thesis/2023/TU_2023 6622040464 19154 28558.pdf

[13] I. Nakunthod, “An improvement of joint ordering policy of multiproduct inventory problem with partial joint ordering,” Int. J.

Appl. Eng. Res., vol. 13, no. 10, pp. 7592-7597, 2018. doi: 10.37622/1JAER/13.10.2018.7592-7597.

124



Thai-Nichi Institute of Technology

1771/1 Pattanakarn Road, Suanluang, Bangkok 10250, Thailand
Tel: 0-2763-2600, E-mail: JEDT@tni.ac.th

Website: https://ph01.tci-thaijo.org/index.php/TNlJournal




	1-JEDT-vol14-no1-cover
	2-JEDT-vol14-no1-content
	1 Real-Time Classification of Optical Devices Using Rotating Linearly Polarized Light in  a Sagnac Interferometer
	14 The Construction of a Newsvendor Model Based on Conditional Value at Risk (CVaR) and the Determination of Optimal Order Quantity
	34 Bucket Wheel Excavator Teeth Reinforcement via Design of Experiments
	51 Applying Discriminant Analysis for Data-Driven Decision Making to Reduce Defects in Integrated Circuit Pick-Up from Dicing Tape: A Case Study of an Electronics Company
	67 Used Car Price Prediction Using Web Scraping and Machine Learning Models
	83 Network Modeling and Analysis of Cassava Mosaic Disease Transmission in Thailand
	97 Influence of Ground Oyster Shell on Properties of Fly Ash-Based Geopolymer Paste
	112 Sensitivity Analysis of Partial Joint Ordering Policy in Multi-Location Distribution Systems

	3-JEDT-vol14-no1-articles
	1-JEDT-262424-final
	2-JEDT-262661-final
	3-JEDT-263069-final
	4-JEDT-263350-final
	5-JEDT-263449-final
	7-JEDT-265028-final
	8-JEDT-265038-final

	4-JEDT-vol14-no1-rear



