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Hand Gesture Recognition System for Hearing and Speech Impaired People Using ML

G. K. Dayananda®, I. R. Manjunath, J. G. Sreerama Samartha, M. Vayusutha , D. N. Pratham, Sakshath, A. U. Shashank, Swasthi Prasad Shetty

Abstract: Sign language has historically served as a primary form of communication for the deaf community. However, the lack of sign language proficiency among the general
population and the limited availability of interpreters create barriers in communication between non-sign language speakers and deaf individuals. To address this issue, a proposed
system aims to bridge this communication gap by assisting non-sign language speakers in recognizing and understanding American Sign Language (ASL) gestures. This system
has the potential to enhance greatly communication between deaf individuals and the wider society. The process involves enhancing the quality and clarity of hand gestures by
passing them through a filter. Subsequently, a classifier analyses the filtered hand gesture and predicts its corresponding meaning or category. This classification step enables
non-sign language speakers to interpret accurately the intended message conveyed through these hand gestures. It is important to note that this method specifically focuses on
recognizing the 26 letters of the ASL alphabet. Analysis of various datasets reveals that the enhanced network performs better than Faster R-CNN in terms of gesture categorization
accuracy. Specifically, when using 175 photos for each move, the upgraded network achieves an 83% recognition accuracy, surpassing the performance of Faster R-CNN in
gesture classification. Furthermore, with 600 images for each gesture, the improved network achieves an accuracy of 97. %. This finding suggests that employing a TOF camera
to collect images based on depth information effectively reduces the influence from other elements during feature extraction. Overall, this system primarily focuses on recognizing
fingerspelling gestures, which represent individual letters in ASL. It is commendable that efforts are being made to utilize neural networks and technology to enhance communication

for individuals with disabilities.

Keywords: ASL; feature extraction; gesture recognition; hand gesture; image recognition; speech and hearing impaired

1 INTRODUCTION

Sign language has historically served as a primary form
of communication within the deaf community. However, the
limited knowledge of sign language among the general
population, as well as the scarcity of interpreters, presents
obstacles in bridging the communication gap between non-
sign language speakers and deaf individuals. In an effort to
address this issue, a proposed system aims to facilitate
communication by enabling non-sign language speakers to
recognize and comprehend American Sign Language (ASL)
gestures [1]. This system has the potential to enhance greatly
communication between deaf individuals and the wider
society.

The methodology involves subjecting the hand gesture
to a filtering process in order to improve its quality and clarity
[2]. Subsequently, a classifier analyses the filtered hand
gesture and predicts its corresponding meaning or category.
This classification step allows non-sign language speakers to
interpret accurately the intended message conveyed through
the hand gestures. It is important to note that this
methodology specifically focuses on recognizing the 26
letters of the ASL alphabet [3].

A visual language, sign language has three main
components as shown in Fig. 1:

Manual Signs: Manual signs are the core elements of
sign language. They involve the use of handshapes,
movements, and orientations to convey meaning. Each sign
represents a word, concept, or idea. Manual signs can be
simple or complex, depending on the language and the
specific sign being used.

Facial Expressions: Facial expressions play a crucial
role in sign language as they provide grammatical and
emotional information. They help convey nuances, such as
questions, statements, negations, and emotions. Facial

expressions, including eye gaze, brow movement, and mouth
patterns, add depth and clarity to the signs being produced.

Body Language and Postures: Body language and
postures complement the manual signs and facial expressions
in sign language. They contribute to the overall meaning and
interpretation of the message. Body movements, such as the
position of the torso, shoulders, and arms, along with head
movements and body orientation, provide additional
contextual information and convey the speaker's emphasis,
location, and spatial relationships.
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Figure 1 Sign Language major component [2]

p

Sign language is widely regarded as a vital means of
communication and can be used to communicate with others
who do not speak sign language, as well as people who have
hearing or speech difficulties. Sign language, as opposed to
spoken language, communicates meaning through physical
gestures. It includes facial emotions, hand gestures, and
movements of other body parts such as the eyes, legs, and so
on. This study presents a design for recognising and
interpreting ASL signs. Social contact, communication
differences, education, behavioural issues, mental health
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issues, and safety concerns are just a few of the challenges
that speech and hearing-impaired people encounter while
engaging with hearing-impaired people. A keyboard, mouse,
or audio signal can be used to interface with a computer. The
former demands constant physical contact, whilst the latter is
sensitive to noise and distractions. A gesture is any physical
movement done with the hand, eye, or other body part. The
best motions for people to use and understand are hand
gestures. Fig. 2 shows ASL Sign Language Gesture by hand.

PREY R
Iz

R

reddddve

Figure 2 ASL Sign Language Gesture

2 LITERATURE SURVEY

In today's technological landscape, it is becoming
increasingly common for electronic devices to be controlled
without physical touch. This is primarily due to the rise of
voice and gesture controls. Voice controls are capable of
recognizing spoken words, enabling users to operate devices
through verbal commands. On the other hand, gesture
controls involve moving one's hand in specific patterns to
execute desired tasks on the device [4]. Extensive research
has been conducted to develop efficient and rapid hand
gesture recognition systems [5]. Numerous experiments have
been carried out to identify hand gestures, and these
programs are often integrated into other applications, such as
device control through hand gestures. Various methods exist
for recognizing hand gestures from images.

Algorithms for recognizing hand gestures, such as
multivariate fuzzy decision trees [6], Hidden Markov Models
(HMMs) [7], dynamic time warping framework [8], latent
regression forests[9], support vector machines, and surface
electromyograms [10], are utilized to analyse and process
these gestures. The captured movements are examined to
identify occlusion and interactions involving close fingers,
enabling the recognition of the correct gesture while
disregarding intermittent gestures. Robust algorithms like
HMM are necessary for real-time hand gesture detection that
accurately identifies the intended gesture. The effectiveness
of categorized gestures is evaluated using the K datasets and
sign language alphabets as standard training and validation
datasets. Hand gesture recognition plays a crucial role in
various applications, including music orchestration, robotics,
television control, rehabilitation, and sign language
recognition.

This is the initial and most crucial step in the entire sign
reformation process [11]. In order to capture photos using a
webcam, camera interfacing is necessary. Nowadays, many
laptops come with built-in cameras, which simplifies the
process of capturing photos for later processing.
Morphological operations involve shapes of images [12]. The
two primary morphological processes are erosion and
dilation, which are employed for noise reduction, element
separation, element alignment, and even intensity fluctuation
or gap detection in images. While dilation can fill in any gaps
left by erosion or add pixels to boundary areas, erosion can
reduce noise by widening gaps and reducing image
boundaries. Dilation can also be used to link randomly placed
pixels and add pixels to the boundaries. In order to construct
a contour around the palm and identify finger positions, the
convexity hull algorithm [13] is used in contour detection.
Adaptive boosting is used in the convexity hull technique to
detect hands, and the HAAR classifier algorithm [14] can be
used to train classifiers. Segmenting the area of the image
that contains the hand is the first step in the convexity hull
algorithm. It is necessary to make some assumptions about
the hand's characteristics, even if they could vary as the hand
travels.

The gesture of the hand is classified based on the
maximum score, which represents the minimum Euclidean
distance between the input gesture and the dataset image of
the corresponding character. The character associated with
the input gesture is determined based on this minimum
distance. It is important to note that the process described is
a basic outline and does not include details of the actual
segmentation and feature extraction techniques used.
Depending on the complexity of the problem and the dataset,
more advanced methods like those that deep learning-based
approaches may be used for improved accuracy and
efficiency. Additionally, the mention of "detecting human
hands against white backgrounds" suggests a potential
improvement in image pre-processing to enhance accuracy
and speed by using a background subtraction technique to
isolate the hand region. This could be beneficial when the
images are consistently captured against a consistent
background. Finally, the process involves two main steps:
training and recognition [15]. During training, the model
learns from a labelled dataset of hand gestures. During
recognition, the learned model is used to classify new, unseen
hand gestures based on their features and the calculated
Euclidean distances.

To ensure accurate feature comparison and minimize
errors during image processing, the system scales all the
captured photographs to the same size. This step is essential
when dealing with images captured using different camera
resolutions, as it brings uniformity to the dataset and helps in
achieving consistent results during recognition. Overall, the
proposed system presents a comprehensive approach to assist
disabled individuals in expressing themselves through sign
language. By leveraging vision-based techniques [16] such
as Histograms of Oriented Gradients (HOG) feature
extraction and Euclidean distance-based classification, the
system can recognize hand gestures and provide meaningful
translations for communication.

TECHNICAL JOURNAL 20, 1(2026), 1-8
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3 SYSTEM REQUIRMENT

The identification of hand gestures has been the subject
of extensive research in recent years. We discovered the
following are the fundamental steps in hand gesture
recognition with the aid of a literature review.

3.1 Relevance of the Work

Individuals who are deaf and unable to speak
communicate using hand sign language. However,
communicating with individuals who do not understand sign
language can be challenging. To address this issue, we are
currently developing a program that aims to facilitate
communication between deaf individuals and those who do
not understand sign language. Our program will detect and
translate the hand signs made by the user into text, which will
then be displayed on a screen for non-sign language users to
read. By implementing this project, we aim to enhance
communication capabilities for deaf individuals when
interacting with non-sign language users.

3.1.1 Proposed Work

Different methods can be employed to gather data on
hand  gestures. One approach involves  using
electromechanical devices to capture accurately the
configuration and position of the hand. Alternatively, glove-
based methods can be utilized to extract information [17, 18],
although these tend to be expensive and not user-friendly.
Another option is to rely on vision-based techniques, where
a computer camera serves as the input device to observe hand
or finger movements. Vision-based methods offer a natural
interface between individuals and computers, eliminating the
need for additional hardware [19]. These systems, which can
be implemented in software and/or hardware, simulate
biological vision. By utilizing a vision-based strategy, the
need for artificial devices in interaction is resolved, as solely
hand movements represent all gestures. The design of the
Gesture Recognition System is illustrated in Fig. 3.

To create own dataset using OpenCV [20], can follow
these steps:

Install OpenCYV: Install the OpenCV library on your
system by following the installation instructions specific to
your operating system.

Set up your camera: Connect a camera to computer or
use the built-in camera of your device.

Capture frames: Use OpenCV to capture frames from
the camera. Use the VideoCapture class to access the camera
and retrieve frames.

Apply image processing: Apply the desired image
processing techniques to the captured frames. In this case,
Mentioned using a Gaussian blur filter and thresholding.
OpenCV provides functions like GaussianBlur and threshold
that you can use for these operations.

Extract features: After processing the image, extract
relevant features from the processed image. The specific
features you choose will depend on the problem trying to
solve..

Pass processed image to CNN model: Extracted the
features from the processed image, CNN (Convolutional
Neural Network) model for prediction.

Letter detection and word formation: Keep track of
the predicted letters over consecutive frames. If a letter is
detected for more than 50 frames, consider it as a valid
detection and store it. Whenever the letter changes or a blank
symbol is detected, form a new word and store the previous
word. Consider the space between words using the blank
symbol.

Repeat the process: Continuously capture frames, apply
image processing, pass the processed image to the CNN
model, and detect and form words until collected sufficient

dataset.

Car]iera

Record videos of L'.‘
different hand

Preprocessing

l

Feature Extraction

]

Develop the
S » recognition CHM
model

TEST i 3 r

2 i

hand
gestures

Evaluate the model
performance

w

Deploy the model into
a real-world
application

Figure 3 Flow diagram of Gesture Recognition System

3.2 Software Requirement
3.2.1 Artificial Neural Network

An Artificial Neural Network (ANN) is a computational
model inspired by the structure and functioning of the human
brain. It is a type of machine learning algorithm that can learn
and adapt from examples, making it suitable for various
tasks, including pattern recognition, classification,
regression, and decision-making.

3.2.2 Convolutional Neural Networks (CNN) [22]

Convolution Layer: In this layer, small filters (also
called kernels) with learnable parameters are applied to the
input image. These filters move across the image to perform

TEHNICKI GLASNIK 20, 1(2026), 1-8
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convolutions (dot products) at different spatial positions. The
output of this layer is a 2D activation map that represents the
response of the filters at each position, capturing specific
visual patterns or features like edges or colors.

Pooling Layer: After the convolution layer, the pooling
layer is used to downsample the activation maps, reducing
their spatial dimensions and the number of parameters. Two
common types of pooling are max pooling and average
pooling. In max pooling, a window (e.g., 2X2) slides over the
activation map, and only the maximum value within each
window is retained, effectively reducing the size of the map
by half. In average pooling, the average of all values within
the window is taken instead.

Fully Connected Layers: After several convolutional
and pooling layers, the final stage of the CNN architecture
usually involves fully connected layers (Fig. 4). These layers
are similar to those in regular neural networks, where each
neuron is connected to all neurons from the previous layer.
The fully connected layers take the high-level abstract
features learned by the earlier layers and combine them to
make predictions about the input's class. The number of
neurons in the output layer corresponds to the number of
classes in the classification task, and the values of the output
neurons represent the probabilities of the input belonging to
each class.

CNNs have been very successful in computer vision
tasks, such as image classification, object detection, and
segmentation, because they can effectively learn hierarchical
features from raw pixel data. The convolutional and pooling
layers help capture local patterns and reduce the spatial
dimensions of the data, while the fully connected layers make
global decisions based on the extracted features.

1]8[8]12
121997
8 [10[4a(3]
18[12] 9 [10]
15/ 9| 2112

12] 7 18] 10

Average Pooling Max Pooling
Figure 4 Fully Connected Layers

3.2.3 TensorFlow

TensorFlow is indeed an open-source software library
that provides a framework for dataflow programming,
especially well-suited for machine learning tasks involving
neural networks. Tensor Flow's flexible design allows it to be
deployed on different platforms seamlessly. This versatility
makes it popular only not for research and development but
for production-level machine learning applications.
TensorFlow has been a cornerstone in the development and
deployment of various machine-learning models, and it has
played a significant role in advancing the field of deep
learning [22]. Its ease of use, scalability, and compatibility
with different hardware have made it a popular choice for
researchers and developers alike. To extract different aspects

from an image, a Gaussian blur filter is applied. The resulting
image after applying the Gaussian blur creation process is
shown below.

Figure 6 Speech to Gesture output Disply

4 RESULTS AND DISCUSSION
4.1 Data Set Generation

The procedures you described involve using the Open
Computer Vision (OpenCV) software to capture images of
American Sign Language (ASL) symbols. Create own
dataset to train and test a machine learning model for
recognizing ASL symbols. This dataset will be used to teach
the model to understand and classify different ASL signs.
Captured approximately 800 photographs of each ASL
symbol for training purposes. Collecting a sufficient number
of images for each symbol ensures that the model has enough
data to learn and generalize effectively. Additionally,
collected about 200 images of each ASL symbol for testing
purposes. The testing data is used to evaluate the model's
performance and assess its ability to make accurate
predictions on new, unseen data. To capture the images, used
computer's webcam. This means acquired images in real-
time by taking a picture of each frame presented to the
webcam. Each frame captured by the webcam contained a
specific ASL symbol. To focus the model's attention on the
relevant area, defined a Region of Interest (ROI) around the
ASL symbol. This ROI was visually indicated by a pink-
bounded square. Utilized the OpenCV software for the image
capture process. OpenCV is a popular open-source computer
vision library that provides various tools and functions for
image and video processing tasks. Fig. 7 likely depicts an
example of the captured image with the pink-bounded square
indicating the ROI around an ASL symbol.

4
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The selection of a suitable filter is also a critical
component of any ASL symbol recognition project. The filter
that you select will determine the features that are extracted
from your images, and the CNN model to identify the
symbols will use these features. There are many different
filters that you can select and it can be difficult to determine
which filter will work best for your project. In your case, you
experimented with a variety of filters before settling on the
chosen filter.

The accuracy of the model is another important factor to
consider. In this case, faced issues with the accuracy of the
model in earlier rounds. This was likely because the dataset
was not large enough or that the filter was not selecting the
correct features. By increasing the input image size and
improving the dataset, were able to improve the accuracy of
the model.

Figure 8 Gaussian blurred image

In order to extract different aspects from our image, we
then apply our Gaussian blur filter to it. Fig. 8 displays the
image after applying Gaussian blur.

4.2 CNN Configuration

The Stochastic Gradient Descent (SGD) algorithm is
used to build the model, and a learning rate of 0.002 is used.
The categorical cross-entropy function is used to assess the
loss because the model is built to handle several classes.
Additionally, measures like loss and accuracy are given to
efficiently monitor the review process.

This particular arrangement was chosen after
experimenting with various blends of nodes and layers. After
experimenting with different combinations of nodes and

layers, this specific configuration was chosen. The CNN
configuration details can be found in Tab. 1.

Table 1 Details of CNN configuration

Model Content Details
First Convolution Layer 128 filters of 51ze7; )Xg,zReLU, input size

First Max Pooling Layer
Second Convolution Layer
Second Max Pooling layer

Pooling Size 3x3
128 filters of size 3x3, ReLU
Pooling size 3x3

Dropout Layer Excludes 30% neurons randomly
First Fully connected Layer 512 nodes, ReLU
Dropout Layer Excludes 30% neurons randomly
Second Fully Connected Layer 512 nodes, ReLU
Dropout Layer Excludes 30% neurons randomly
Output Layer 12 nodes for 12 classes, SoftMax
Optimization Function Stochastic Gradient Descent (SGD)
Learning Rate 0.002

Metrics Loss, Accuracy

4.3 Classification Result

This statement is supported by additional performance
measures outlined in Tab. 2. As depicted in Fig. 9 and Fig.
10. The tight agreement between training and testing
accuracy across each epoch suggests that the use of data
augmentation strategies helped the model avoid overfitting.

To evaluate further the model's adaptability, the
experiment was repeated using a train-test split of 75-45.
Remarkably, the accuracy achieved for this split
configuration was 95.2% and 97.5%, indicating the model's
ability to perform well even on a larger test set.

Table 2 Details of performance measure

Performance CNN CNN
measure without augmentation with augmentation
Precision 0.9176 0.9869
Recall 0.9432 0.9834
F-Measure 0.9365 0.9832
Accuracy, % 93.43 97.46
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Figure 9 Train Accuracy for various optimizer
(Adam and RMSprop shows best accuracies namely 95.2 and 97.5 %)

The training loss values you mentioned for RMSprop
(0.071) and Adamgrad (0.0734) as shown in fig 10 indicate
that both optimizers are performing similarly in terms of
minimizing the loss during training. While there is a slight
difference between the two values, it is not significant
enough to distinguish easily their performance based solely
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on the training loss. When comparing optimizers, it is
important to consider multiple factors beyond just the
training loss.

Optimizer

o~ ca o

Train_Loss

Optimizer=Adadelts
Epochs=7
Train_Loss=3.108330

3

=T ]

LN
-

4 &
Epochs

Figure 10 Train Loss for various optimizer
(RMSprop 0.071 Adamgrad 0.0734 again a close call to distinguish)

Based on the Tab. 3, it appears to contain results for
different training epochs, optimizers, activation functions,
and evaluation metrics for a specific model. Let us break
down each column to understand the information it
represents:

Epochs: The model underwent two epochs of training.

RMSprop was employed as the optimisation algorithm
during the training process.

Activation Function: The layers of the neural network
made use of the ReLU activation function.

After two training epochs, the training loss was 0.28154.
This shows the typical discrepancy between the training
dataset's predicted and actual values. Better performance is
indicated by lower values.

Train_Accuracy: After two epochs, the training accuracy
was 0.91381. It displays the proportion of samples in the
training set that were correctly categorised.

Train_Precision: After two epochs, the training precision
was 0.23096. Precision is the percentage of all positively
anticipated instances in the training set that were accurately
predicted.

Train_Recall: After two epochs, the training recall was
0.99738. Recall quantifies the percentage of positive
instances in the training set that were properly predicted out
of all the actual positive instances.

Val Loss: After two epochs, the validation loss was
0.26574. This shows the typical discrepancy between the
validation dataset's predicted and actual values. Lower values
imply more accurate generalisation.

Val Accuracy: After two epochs, the validation
accuracy was 0.98667. It shows the proportion of samples in
the validation set that were correctly categorised.

Val Precision: After two epochs, the validation
precision was 0.99982. Precision is the percentage of all
positively predicted cases in the validation set that were
accurately predicted.

Val Recall: After two epochs, the validation recall was
0.043908. Measures the percentage of correctly predicted
favourable outcomes.

These values provide insights into the model's
performance at the specified training stage. The table
provides a snapshot of the model's performance metrics at
different training epochs, displaying how the optimizer,
activation function, and training progress influence the
model's accuracy, loss, precision, and recall values.

Table 3 Detailed results

g
2 >
g 2 § § :N » § g =
= o =1 Bt O 7] = RZ) <
imi ol - 8 2 & S 5 5 E
Epochs Optimizer o i < & | | ] 2 ~
S g ! ! g = < &~ =
5 = 2 : g > 3 = g
B s s = > >
<
RMSprop relu 0.28154 0.91381 0.23096 0.99738 0.043908 0.98667 0.26574 0.99982
7 RMSprop softsign 0.07608 0.97992 0.25867 0.99937 0.130949 0.97315 0.31932 1
10 RMSprop softsign 0.06242 0.98294 0.27277 0.99944 0.019199 0.99519 0.4014 0.99963
3 RMSprop softsign 0.18316 0.94548 0.23709 0.99921 0.064611 0.97593 0.26 1
1 RMSprop elu 1.41317 0.52857 0.18546 0.89111 0.289114 0.92093 0.23752 0.99926

In scenarios where there are limited datasets, particularly
with only 175 images for each gesture, both networks achieve
a recognition rate exceeding 96.8%. This observation
suggests that using a TOF camera to collect images based on
depth information effectively mitigates the interference
caused by other factors during feature extraction.

As the number of datasets increases, the data recognition
rate also improves. Augmenting the datasets enhances the
network's resilience against complex environmental
disturbances. A higher recognition rate establishes a solid
foundation for subsequent classification tasks.

Based on the information presented in Fig. 9 and Fig. 10
it can be observed that the improved network outperforms

Faster R-CNN in terms of gesture classification accuracy
across various datasets. Specifically, the improved network
achieves a recognition accuracy of 83% when working with
175 images for each gesture. This accuracy surpasses the
recognition performance of Faster R-CNN, indicating the
superiority of the improved network in gesture classification.

The improved network demonstrates notable
improvements in accuracy compared to the traditional
network. When working with 300 images for each gesture,
the improved network achieves a recognition accuracy of
94.8%. Remarkably, this accuracy is comparable to the
recognition accuracy of the traditional network trained on
100 times the amount of data.
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Furthermore, when there are 600 images for each
gesture, the improved network achieves an accuracy of
97.5%, slightly surpassing the performance of Faster R-
CNN. This demonstrates the effectiveness of the proposed
network in achieving higher accuracy, regardless of whether
the dataset is small or large.

5 CONCLUSION

In this project, a practical ASL (American Sign
Language) recognition system has been developed
specifically for individuals with hearing and speech
impairments. The system utilizes real-time vision technology
to identify accurately ASL alphabets. By implementing two
layers of algorithms, the system is able to effectively predict
and validate symbols that bear close resemblance to each
other. Consequently, the system consistently recognizes the
symbols as long as they are displayed clearly, without any
background noise, and with sufficient illumination.

When there are few datasets available, especially when
there are only 175 photos for each move, both networks are
able to recognise more than 96.8% of the gestures. This
finding implies that the influence from other elements during
feature extraction can be efficiently reduced by employing a
TOF camera to collect images based on depth information.

Across several datasets, it can be seen that the enhanced
network performs better than Faster R-CNN in terms of
gesture categorization accuracy. Specifically, using 175
photos for each move, the upgraded network obtains an 83%
recognition accuracy. This accuracy outperforms Faster R-
CNN's performance in gesture classification, demonstrating
the supremacy of the upgraded network.
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Experimental Studies on Mechanical Characterizations of Silicon Nitride and Alumina added
AI7075 Hybrid Composite for Various Engineering Applications
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Abstract: The present investigation is aimed at studying the influence of alumina and silicon nitride reinforcement particles in addition to the Al 7075 alloy on the hardness, wear,
tensile, and impression creep behaviour. Three different composite specimens such as Al 7075 + 5 % alumina, Al 7075 + 5 % Silicon nitride, and Al 7075 + 2.5 % Silicon nitride +
2.5 % Alumina were fabricated using a stir casting process and the prepared composites were subjected to hardness, dry sliding wear test using pin on disc tribometer, tensile
testing and impression creep tests. From the results, it was observed that the hardness of the Al 7075 alloy increases with the addition of both silicon nitride and alumina and Al
7075 + 2.5 % Silicon nitride + 2.5 % Alumina exhibited the maximum hardness of the composite specimens. Al 7075 + 2.5 % Silicon nitride + 2.5 % Alumina showed a 75%
increase in wear resistance in comparison with the Al 7075 alloy and it also shows an improvement in creep and tensile properties.

Keywords: creep; friction; hardness; hybrid aluminium composite; metal matrix composite; tensile test

1 INTRODUCTION

Aluminium Matrix Composites (AMCs), a category of
lightweight material systems. The unreinforced aluminium
metal lacks the strength, rigidity, creep resistance, and wear
resistance that the aluminium matrix composites do. Of all
the commercial aluminium alloys, 7075 is an incredibly
popular choice as a matrix material to prepare metal matrix
composites. The addition of reinforcements like silicon
nitride in the matrix of A17075 alloy resulted in improvement
in mechanical properties [1-3]. There are studies on the
improvement in wear resistance with increase in weight
percentage of combination of reinforcements such as
TaC+Si3N4+Ti in the Al7075 matrix alloy [4-6]. A hybrid
composite consists of addition of more than one
reinforcement particle in the matrix. Al 7075 hybrid
composites are widely used in aerospace and automobile
industries owing to their higher specific strength. Some of the
notable applications include aircraft fuselage, wings, tail
section, satellite frames, battery enclosures etc [7-10]. This
research work focusses on such Al7075 hybrid composites,
its mechanical properties, etc. Al 7075 hybrid composites are
manufactured by the addition of 5 % silicon carbide and 2.5
% alumina and were subjected to mechanical property
evaluations. It was observed that the addition of secondary
particles resulted in finer grain size microstructure and
resulted in hardness value improvement [11-14].
Baradeswaran et al. fabricated Al7075 metal matrix
composites by the addition of alumina particles in the matrix
and studied their properties. From the results, they have
concluded that the increase in weight percentage of alumina
particles increases the tensile strength of the materials [15].
Moona et al. studied the A17075 hybrid composite containing
1.5% of aluminium oxide, 1.5% of silicon carbide and 1.5 %
eggshell particles and concluded that fatigue strength of such
materials is greatly enhanced [16]. From the literature survey,
it was found that there exists a significant gap in the research
works in the area of silicon nitride and alumina added Al

7075 alloys and the characterization of such fabricated
composites. There is minimal work reported in the area of
impression creep behaviour of such composites. So, in the
current study, silicon nitride and alumina are added to
Al7075 alloy to create aluminium hybrid composites, and the
mechanical characteristics such as hardness. Tensile, wear,
impression creep of these composites are examined [17-20].

2 EXPERIMENTAL WORK

The chemical composition of the Al 7075 alloy is given
in Tab. 1.

Table 1 Chemical composition of AI7075 alloy

Element wt.%
Cr 0.18-0.28
Cu 1.2-2
Fe 0.5
Mg 2.1-2.9
Mn 0.3
Si 0.4
Ti 0.2
Zn 5.1-6.1
Al Remaining

The silicon nitride and alumina particles are added to the
base alloy to improve its strength, hardness, creep resistance,
and wear resistance. The compositions of fabricated
specimens are shown in Tab. 2.

Table 2 Fabricated specimen compositions

S1. No Compositions (wt.%)
1 Al 7075 Alloy
2 Al 7075 + 5% Silicon Nitride
3 Al 7075 + 5% Alumina
4 Al 7075 + 2.5% Silicon Nitride + 2.5% Alumina

2.1 Stir Casting Process

Stir casting process was used for the fabrication of nitride
and alumina-reinforced A17075 alloy hybrid composites. The
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stir casting apparatus used for the manufacturing of
composites are shown in Fig. 1. A17075 alloy is placed in the
graphite crucible, and melting of the alloy is done at 720 °C
and then mixing of reinforcement particles were carried out
using a stirrer coated with graphite. Degassing of molten
metal was carried out at 787 °C. Then the stirrer was inserted
into the graphite crucible, and it is rotated at 600 rpm for
maintaining proper vortex and achieving uniform mixing of
the reinforcement particles. The reinforcement particles were
preheated at a temperature of about 400 °C for a period of 2
hours and then the reinforcement particleswere added to the
molten aluminium alloy. Magnesium powders were added in
small quantities during stirring to increase the wettability
between matrix and reinforcement particles. Mechanical
stirring was carried out for 5 minutes, and at the end of
mixing, the molten materials were poured into a dried,
preheated metallic mould of diameter 30 mm and length 150
mm. Bottom pouring was done to prevent the reaction
between the atmosphere and molten composites during
pouring. After solidification, the as-cast composites were
removed from the die [9-12]. The solidified composite along
with the die is shown in Fig. 2.

Figure 1 Stir Casting Apparatus

Figure 2 Solidified composite specimen
2.2 Hardness Studies

The hardness studies were carried out using a Rockwell
Hardness testing machine at a load of 1 kg for a dwell time
of 10 seconds. The hardness tests were performed according
to ASTM E-92 standards. Specimens were polished before

taking hardness measurements to remove scratches and
surface irregularities using the standard metallographic
procedure. Ten readings were taken for each sample to ensure
repeatability, and the average values are noted [13].

2.3 Wear Studies

A pin-on-disc wear the testing apparatus (Model: TE-
165-POD Magnum) connected to the data acquisition device
was used to conduct dry sliding wear tests, as shown in Fig.
3. The experiments were carried out in accordance with
ASTM G99-05 specifications. The experiments were carried
out with a steady disc speed of 1 m/s at room temperature.
The pin specimen is made to rub against the rotating steel
disc for a sliding distance of 1000 m [14-16]. During the tests,
the wear loss of the pin specimen is measured using the
LVDT transducer with an accuracy of 1.0 um. During the
tests, the wear loss during the tests is continuously recorded
in the system. The samples are weighed before and after wear
tests manually using an electronic weighing balance to
confirm the results obtained using a data acquisition system.
The specimen dimensions used for wear testing are of 10 mm
diameter and 25 mm length [17-18]. Fig. 4 shows the
specimen which is used for wear test.

Figure 3 Pin-on-disc wear testing machine

Figure 4 Specimen used for Wear Test

10
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2.4 Tensile Testing

Dark tensile testers are used to evaluate the tensile
strength of newly developed composite materials (Model:
UTB9052). The samples have been made in accordance with
ASTM E-8 standards; Fig. 5 depicts the samples used for
tensile testing. The tensile sample has a diameter of 6 mm
and a length of 30 mm. The composition of specimens used
for tensile studies is given in Tab. 1. The load-displacement
data are obtained in the system attached with the tensile
tester, and then a plot of stress versus strain is obtained for
each specimen [19-20].

Figure 6 Impression creep testing machine

2.5 Creep Studies

The creep tests are carried out using impression creep
testing machine (SPANKTRONICS). For creep tests,
cylindrical specimens of 10 mm diameter and 10 mm height
are used. The specimens are polished according to a standard
metallographic procedure to remove the scratches present in
the surface and the specimen is placed below the indenter.
After sample preparation, the specimen is placed beneath the
indenter as the first stage. The object is positioned beneath
the 1.5 mm diameter tungsten carbide indenter after the lock
screw is loosened to raise the furnace. The necessary
temperature is established in the temperature controller after
adding the small load. At this point, the thermocouple is
introduced to measure the furnace's interior temperature.
According to the literature study that was done, creep tests
are conducted on all examples at a constant temperature of
about 200 °C. Before adding significant weight, the sample
is kept at this temperature for a 1 hour. Impression depth vs.
time graph is collected by the data collection device and
displayed on the monitor. The impression creep testing
machine is shown in Fig. 6. The impression creep tests are
carried out for Al7075 alloy and hybrid composites at a
constant temperature of 200 °C and a constant load of 20 kg.
The dwell time for carrying out creep tests was 2 hours.

3 RESULTS AND DISCUSSION
3.1 Hardness Results

Al7075+5% Silicon nitride specimen shows an increase
in hardness of about 5% than Al7075 alloy due to the
presence of Si3N4 particles in the matrix. A17075+5% Al,O3
specimen shows an increase in hardness of about 3% than
Al7075 alloy due to the presence of Al,Os particles in the
matrix. Al7075+2.5% Si3N4 +2.5% Al,O3 specimen shows
an increase in hardness of about 14% than A17075 alloy due
to the presence of combination of SizN4 particles and Al,O3
particles in the matrix. Al7075+2.5% SizNs +2.5% AlO3
specimen exhibited higher hardness values of the
investigated specimens. The increase in hardness is due to the
addition of hard ceramic reinforcements in the matrix of
Al7075 which acts as nucleation sites and refines the
microstructure and thus resulting in increment in hardness
values. The comprehensive hardness behaviour results of
various combinations of this proposed aluminium metal
matrix hybrid composites are revealed in Fig. 7.

80
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Specimen Composition

Figure 7 Rockwell Hardness values for AI7075 alloy and its composites
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3.2 Wear Studies

The wear loss decreases by the addition of both silicon
nitride and alumina reinforcements in the matrix. Fig. 8
shows the wear curves of A17075, A17075+5% Si3Ng4, A17075
+5% AlLOs; and Al7075+2.5% SisNs +2.5% ALOs. It is
observed from Fig. 8, that the wear resistance of A17075+5%
silicon nitride specimen is improved of about 29% than
Al7075 alloy. The wear resistance of Al7075+5% alumina
specimen is improved of about 44% than A17075 alloy. The
wear resistance of Al7075+2.5%, silicon nitride+2.5%
alumina specimen is improved of about 75% than Al7075
alloy. The Al7075 +2.5%silicon nitride+2.5% Alumina
showed maximum wear resistance of the investigated
specimens. The material loss due to wear for A17075 + 2.5%
silicon nitride + 2.5% Alumina particles at the end of wear
test were nearly 50 microns whereas the weight loss due to
wear for the A17075 alloy was found to be 197 microns. The
hard nature of silicon nitride particles and alumina particles
lowers the wear loss of composite specimens. The higher
wear resistance of hybrid composite can be attributed to the
presence of hard reinforcement particles like silicon nitride
and alumina, which bears the load at the surface and prevent
the stress/load concentration on softer Al17075 matrix. The
hardness of these ceramic particles is very high and acts as
abrasion resistant phases leading to better wear resistance.
The losses of material due to wear of all the investigated
specimens are given in Fig. 9.
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3.3 Frictional Force

Fig. 10 shows the variation of frictional force of A17075,
Al17075+5% Si3N4, Al17075 +5% AlLO; and Al7075+2.5%
Si3N4 +2.5% Al Os;. From the figure the variation of frictional
force varies between 0 to 4.5 N for constant load. The
composite specimens showed lower frictional force values
due to the presence of reinforcement particles. The
unreinforced alloy showed more fluctuation than the
composite specimens because of the increasing tangential
force between pin and disc surfaces. The lower frictional
force values for hybrid composites indicate that the wear loss
of the composites was less than the Al7075 alloy. Wear
failure of the material will be more in the presence of higher
frictional forces between the pin and the disc surface.

When alumina and silicon nitride mixes with A17075 as
reinforcements, the fluctuation of frictional force occurs
initially. After it reaches 240 sec, friction reduces, and it is
maintained constant.
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3.4 Coefficient of Friction

Fig. 11 depicts the variation in the coefficient of friction
of aluminium hybrid composites. The coefficient of friction
plays a significant role in many areas of engineering and
physics, including the design of brakes, tires, and other
frictional components.
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From Fig. 11, the coefficient of friction of Al7075
composites varies from 0.03 to 0.5 than the Al7075 alloy.
When alumina and silicon nitride mixes with Al7075 as
reinforcements, the fluctuation of coefficient of friction
occurs initially. After it reaches 240 sec, friction reduces and
it is maintained constant.

3.5 Creep Studies

Al7075 hybrid composites are subjected to impression
creep tests under cast conditions to study the effect of these
composites' creep behaviour. Impression depth vs Time
graph obtained from the creep tests for the Al7075 alloy is
shown in Fig. 12.

The impression depth of Al7075 alloy is found to be
0.361 mm. The creep curves of Al7075+5% Si3N4 is shown
in Fig. 13. The impression depth of A17075 alloy+5% Si3zN4
is found to be 0.195 mm. It is observed that the addition of
reinforcement particles like silicon nitride can reduce creep
deformation with increased creep resistance. The creep
deformation of Al7075+5% SizN4 composite is lower than
the creep deformation of Al17075 alloy. The creep curves of
Al7075+5% Al,Os is shown in Fig. 14.
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The impression depth of Al7075 alloy+5% AlLO; is
found to be 0.175 mm. It is observed that the addition of 5%
alumina can reduce creep deformation. This is due to the
hindrance of dislocation motion by precipitates, present in
the matrix. This reduces dislocation motion of creep leading
to enhanced creep resistance. The creep deformation of
Al7075+5% ALOs composite is lower than the creep

deformation of Al7075 alloy. The creep curves of
Al7075+2.5% Si3sN4 +2.5% Al Oz is shown in Fig. 15.
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The impression depth of Al7075 alloy+2.5% SizNy
+2.5% AlOs is found to be 0.152 mm. In comparison with
the fabricated specimensAl7075 alloy+2.5% SizsN4 +2.5%
ALLO3; composites exhibit greater creep resistance with less
creep deformation. From the Creep deformation graphs, it is
evident that the creep resistance of the Al 7075 matrix
composite increases. This is because silicon nitride and
alumina particle acts as a barrier for dislocation movement.
Hence dislocation pile-ups occur and therefore more amount
of stress or higher temperature are required for the
dislocation to overcome the barrier leading to enhanced creep
strength. The comparison of creep curves for all the
investigated specimens are shown in Fig. 16.

Comparison of creep curves of AI7075 composites
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Figure 16 Comparison of creep curves (Indentation depth in mm & Time in
minutes) for all the investigated specimens
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3.6 Tensile Studies

The tensile tests have been performed for both A17075
alloy and A17075 hybrid composites. The hybrid composites
exhibited higher tensile strength than that of the base 7075
alloy due to the fine grain structure in composite materials
that have been obtained during solidification. The presence
of reinforcement particles in the molten metal acts as
nucleation sites for grain nucleation, and hence it resulted in
finer grain size. According to the Hall-Petch relationship, the
finer grain size will result in higher tensile strength. The
presence of hard reinforcement particles like silicon nitride
and alumina hinders the movement of dislocations and hence
plastic deformation is restricted, which also contributes to an
increase in tensile strength of the composites. The tensile
stress values for the tested specimens are shown in Fig. 17.
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Figure 17 Stress values (MPa) of tested specimen

The tensile strength of Al 7075 alloy was 110 MPa,
whereas Al7075 + 5% silicon nitride composite was 115
MPa, there is marginal improvement in tensile strength due
to its addition. However, the 5 % alumina added A17075 alloy
exhibited significant improvement in tensile strength, which
is around 158 MPa. Al7075+2.5% SisNs +2.5% AlLO;
exhibits maximum tensile stress of 160 MPa when compared
to another composite specimen, due to higher volume
fraction of hard ceramic particles in the matrix contributing
to Orowan strengthening, dislocation hindering mechanisms
and fine grain structures.

4 CONCLUSIONS

The major conclusions drawn from the present study on
experimental investigations on the effect of reinforcements
on mechanical properties of hybrid Al17075 composites are
summarized.

1) Al7075+2.5% Al,O3+2.5% SisN4 exhibits high hardness
when compared to other composite specimens.

2) The hybrid composite specimen exhibited lower wear
loss (50 microns) than all the investigated composite
samples and is more suitable for applications demanding
higher wear resistance.

3) The composite specimens exhibited higher creep
resistance than the Al 7075 alloy and Al7075+2.5%
Al,O3+2.5% SizNs showed lower impression creep

deformation (0.152 mm) among the fabricated
specimens.
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Effect of Rubber Seed Oil Biodiesel Additive on Compression Ignition Engines fuelled with
Diesel-Ethanol Blends

H. V. Srikanth, S. Vijay Kumar, R. Kousik Kumaar*, Senthil Kumar Madasamy, Beena Stanislaus Arputharaj, Parvathy Rajendran,
Vijayanandh Raja*

Abstract: In this study, the primary focus revolved around the utilization of rubber seed oil (RSO) biodiesel as a supplement in blends of diesel-ethanol (DE) for a diesel engine.
The DE blends were formulated by combining ethanol with diesel and emulsifying them with RSO biodiesel in a 10% (v/v) proportion. The ethanol concentrations in the blends
varied between 5% and 15% (v/v). Under conditions of maximum loading, it was observed that the blend labelled DE15B10, comprising 15% ethanol and 10% RSO biodiesel,
demonstrated the highest brake thermal efficiency (BTE). Although all the examined fuels exhibited an elevated Brake Specific Fuel Consumption (BSFC) compared to conventional
diesel, DE15B10 displayed a 4.30% increase in BSFC over fossil diesel. Nevertheless, the exhaust emission characteristics of DE15B10 were found to be superior to those of
conventional diesel. These results indicate that DE-biodiesel blends, especially DE15B10, show potential as a viable alternative fuel option without requiring any modifications to

the engine hardware.

Keywords: biodiesel; diesel-ethanol; emission; performance; rubber seed oil; transesterification

1 INTRODUCTION

The economy of a nation is significantly influenced by
energy, a pivotal determinant. According to statistical
information on global energy provision presented by British
Petroleum (BP 2020), the primary share is attributed to fossil
fuels, with crude oil at 33.1%, coal at 27.0%, and natural gas
at 24.2%. Subsequent contributors include nuclear at 4.3%,
hydro at 6.4%, and other renewable sources at 5%. The
overreliance on fossil fuels has resulted in environmental
contamination and global warming, prompting researchers
worldwide to explore sustainable and environmentally
friendly fuel alternatives such as biodiesel, ethanol, and
butanol. These substitutes play a vital role in addressing
transportation energy requirements while adhering to
stringent pollution regulations [1, 2, and 3].

Biodiesel derived from first and second-generation oils
is acknowledged as a promising alternative renewable fuel
source for both transportation and gas turbine applications [4-
6]. In the Indian context, opting for non-edible oil feedstocks
in biodiesel production is considered a more secure approach
to address the energy-food conflict [7, 8]. Nevertheless, the
accessibility of non-edible oils exhibits significant regional
disparities [9, 10]. To ensure continuous biodiesel
production, numerous studies have explored the utilization of
non-edible to produce biodiesel through various sources [11-
14].

Several researchers have explored alternative fuels for
internal combustion (IC) engines, including bio-ethanol
derived from the fermentation of agricultural waste, in
addition to biodiesel. The utilization of these fuels, known as
Diesel-Ethanol (DE) blends, has shown promise in enhancing
engine efficiency and reducing emissions due to their higher
oxygen content [15, 16]. However, employing DE directly in
IC engines presents notable technical challenges such as a
lower cetane number, flash point, and ethanol solubility in
diesel.

To address these issues, researchers have investigated
the impact of additives, specifically emulsifiers, on the
solubility of ethanol in diesel fuel blends like DE. The
incorporation of emulsifiers prevents phase separation in
Diesel-Ethanol. Emulsifiers function by strengthening the
attraction between the two liquid phases, thereby reducing
interfacial tension forces and ensuring stable emulsions [17-
20].

Some studies suggest that the addition of biodiesel, a
fatty acid methyl ester (FAME), as an emulsifier in DE
blends can mitigate phase separation issues. FAME acts as
an amphiphilic substance, contributing to the stabilization of
ethanol and diesel mixtures. Despite these findings, further
research is needed to fully establish the viability of biodiesel
as an effective emulsifier in Diesel-Ethanol blends, as
existing studies on this subject are limited [21-24].

The main objective of this research is to substitute fossil
diesel with ethanol in DE blends, employing RSO biodiesel
as an emulsifying agent. RSO exhibits considerable potential
as a sustainable alternative fuel derived from non-edible oil
sources. The biodiesel was synthesized from RSO using the
transesterification process. The study focuses on evaluating
the operational and emission features of a diesel engine
running on Diesel-Ethanol blends with the inclusion of RSO
methyl esters as the emulsifying agent.

2 MATERIALS AND METHODOLOGY
2.1 Synthesis of RSO Biodiesel

Rubber seeds sourced from the coastal region of
Karnataka, India, underwent processing utilizing a hydraulic
pressing machine for oil extraction. Following extraction, the
oil underwent heating at 100 °C and subsequent filtration to
eliminate suspended particles and moisture. Chemicals
required for biodiesel production, namely methanol, sodium
hydroxide, and sulfuric acid, were obtained from Sigma-
Aldrich, India. The acid value of the oil was assessed through
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the standard titrimetric method, initially measuring at 20 mg
KOH/g oil. The acid value reduction was achieved through
the implementation of saponification during the
transesterification  process, employing a  two-step
transesterification method, acid catalyzed esterification
followed by base catalyzed transesterification process. The
process is explained in the authors previously published
papers [25, 26]. The properties of the biodiesel and crude oil
are given in Tab. 1.

Table 1 Properties of RSO biodiesel

Fuel Properties RSO *RSO Biodiesel

Specific gravity 0.92 0.886
Kinematic viscosity 40 °C (mm?s) 7.8 3.5
Flashpoint (°C) 198 125
Calorific value (kJ/kg) 38545 40100
Acid value (mg KOH/gm) 10 0.38
Cloud point (°C) 6 16

Pour point (°C) 2 10
Sulphur content (Yow/w) - 0.01
Cetane number 65.50 63.5

*Analysis Results
3 TEST FUELS AND EXPERIMENTAL SETUP

In this present investigation, an analysis is conducted on
diesel engines powered by conventional fossil fuel, as well as
blends such as DE5B10, DE10B10, DE15B10, and pure
B100, assessing their performance and emissions. Different
ethanol-diesel mixtures were formulated using RSO
biodiesel at a concentration of 10% (v/v) to serve as an
emulsifier. To guarantee proper homogenization, the fuel
blends underwent agitation for duration of 15 minutes and
were then stored for 24 hours to detect any potential phase
separation.

1-Pressure sensor
2-3moke mster

6-Exhausl gas calormeter
7- Crank angle encoder
$-Water inlef to engine
4-Dual ¢ylinder Cl engine 9-Control panzl & computer
5-Eddv currant dynamomeier  10-Fuel tank

Figure 1 Diesel engine test rig

3-Exhaust gas analyser

3.1 Engine Experimental Setup

For the investigation, we employed a Kirloskar TV 1
single-cylinder, water-cooled 4-stroke diesel engine
featuring a compression ratio of 17.5:1, a rated speed of 1500
rpm, and a rated brake power (BP) of 5.5 kW. The engine's
rotational speed remained constant at 1500 rpm throughout

the entire experimental duration. To gauge the emissions of
CO, CO,, NOy, and HC, an AVL 444 di-gas analyzer was
utilized, while smoke opacity was assessed using an AVL
437C smoke meter. The experimental setup, illustrated in
Fig. 1, was employed for the study.

4 TEST FUELS AND EXPERIMENTAL SETUP

Within this section, the focus is on the outcomes of the
test engine. Various performance metrics, including Brake
Specific Energy Consumption (BSEC) and Brake Thermal
Efficiency (BTE), were pinpointed. Subsequent sections
utilize graphical representations to analyze and elucidate
emission parameters such as carbon dioxide (CO,),
hydrocarbon (HC), nitrogen oxide (NOy), carbon monoxide
(CO), and smoke opacity.

4.1 Performance Characteristics
4.1.1 Variation in BTE

The outcomes of the investigation into the brake thermal
efficiency (BTE) of diesel, RSO biodiesel (B100), and
ethanol-biodiesel blends (DE5B10, DE10B10, and
DE15B10) are illustrated in Fig. 2. The results indicate that,
across the entire load spectrum, all tested blends exhibited
superior BTE compared to both diesel and B100. Under
maximum load conditions, DE5B10, DE10B10, and
DE15B10 blends achieved BTE increases of 7.29%, 8.86%,
and 10.19%, respectively, over diesel. Furthermore, these
blends exhibited BTE enhancements of 10.69%, 12.12%, and
13.51% over B100 under the same conditions. The superior
performance of DE15B10 can be attributed to the synergistic
effects of viscosity and density reduction, leading to
improved combustion characteristics. These findings
underscore the potential of ethanol-biodiesel blends as
efficient and cleaner alternatives to conventional diesel fuel
[27-29].
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4.1.2 Variation in BSFC

Fig. 3 illustrates the variations in brake-specific fuel
consumption (BSFC) across different fuel blends under
varying load conditions. As the load increased, a
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corresponding decrease in BSFC was observed for all tested
fuel blends. At full load, B100 exhibited a 12.3% higher
BSFC compared to diesel fuel, indicating increased fuel
consumption. Similarly, DE5SB10 recorded a 7.39% rise in
BSFC, while DE10B10 and DE15B10 displayed increases of
10.69% and 4.30%, respectively, relative to diesel. The
higher BSFC observed with increasing ethanol content can
be primarily attributed to leaner combustion characteristics
and the lower calorific value of ethanol, which results in
reduced energy output per unit of fuel. These results align
with previous studies, reinforcing the influence of ethanol's
oxygenation on combustion efficiency and fuel consumption
trends [30, 31].
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4.1.3 Variation in BSEC

Fig. 4 illustrates the variations in brake-specific energy
consumption (BSEC) across different fuel blends under
varying load conditions. The results indicate a consistent
decline in BSEC as load increases for all tested blends. This
reduction can be attributed to the fact that the percentage
increase in brake power (BP) is lower than the corresponding
rise in fuel consumption, leading to improved energy
utilization at higher loads. Additionally, reduced heat losses
at elevated loads further contribute to this trend. Among the

tested fuels, DESB10 exhibited a 1.82% higher BSEC than
conventional diesel, while DE10B10 and DE15B10 recorded
increases of 6.39% and 9.95%, respectively. B100
demonstrated the highest BSEC, registering a 14.9% increase
over diesel due to its higher calorific value and lower energy
efficiency. These results align with previous studies,
reaffirming the impact of biodiesel and ethanol blends on fuel
energy consumption, combustion efficiency, and overall
engine performance [32, 25]. Future research should further
explore optimization strategies to enhance fuel efficiency in
alternative fuel applications.

4.2 EMISSION CHARACTERISTICS
4.2.1 CO2Emission

Fig. 5 illustrates the variations in carbon dioxide (COz2)
emissions across different load conditions for various fuel
blends. The results indicate a consistent upward trend in CO-
emissions with increasing load, regardless of the fuel blend.
This increase can be attributed to enhanced combustion
efficiency at higher loads, which promotes the complete
oxidation of fuel carbon content. Compared to conventional
diesel, all tested blends exhibited slightly elevated CO:
emissions. Specifically, DE5SB10 recorded a 1.93% increase,
DE10B10 showed a 3.75% rise, and DE15B10 demonstrated
the highest increase at 7.2%. This trend is primarily due to
the enhanced conversion of carbon monoxide (CO) to COs,
facilitated by the higher oxygen content introduced through
ethanol blending. The greater oxygen availability in ethanol-
rich blends promotes more complete combustion, leading to
increased CO: formation. These findings are consistent with
previous research, underscoring the trade-off between
reduced CO emissions and slightly higher CO: emissions in
ethanol-biodiesel-diesel fuel blends [33].
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4.2.2 HC Emissions

Fig. 6 illustrates the hydrocarbon (HC) emissions for
various fuel blends under different load conditions. The
results show that HC emissions are highest at full load for all
tested fuel mixtures. The increase in HC emissions with
higher ethanol content is attributed to unburned ethanol in the
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fuel blends, which may lead to incomplete combustion.
Compared to diesel, DESB10 exhibited a 21.3% reduction in
HC emissions, while DE1I0B10 and DEI15B10 recorded
reductions of 26.52% and 13.92%, respectively. Notably,
B100 demonstrated the lowest HC emissions, showing a
31.65% reduction compared to diesel fuel. The improved
combustion efficiency of biodiesel and ethanol blends, due to
their oxygen content, plays a crucial role in lowering HC
emissions. These findings indicate that biodiesel and ethanol-
enriched blends contribute to cleaner combustion, making
them a promising alternative to conventional diesel fuel in
reducing unburned hydrocarbon pollutants [27].
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4.2.3 NOx Emissions

Fig. 7 presents a detailed analysis of nitrogen oxide
(NOy) emissions for various fuel blends under different load
conditions. The results indicate that, unlike conventional
diesel fuel, NOy emissions increase with higher loads across
all tested blends. This trend is primarily attributed to elevated
combustion temperatures and increased oxygen availability
in ethanol-biodiesel blends, which enhance the formation of
NOy during combustion.

At full load, the NOy emissions of DE5SB10 were 2.15%
higher than those of diesel, while DE10B10 exhibited a 3.3%
increase. Interestingly, the DE15B10 blend showed NOx
emissions comparable to those of diesel, suggesting a
potential balance between combustion efficiency and
emissions control. Meanwhile, B100 recorded the highest
NOx emissions, largely due to its high oxygen content, which
facilitates more complete combustion but also intensifies
NOx formation.

The increased proportion of ethanol in the blends also
plays a significant role in NOy emissions. Ethanol addition
reduces fuel viscosity, improves atomization, and enhances
air-fuel mixing, leading to more efficient combustion.
However, this also results in higher in-cylinder temperatures
and a prolonged premixed combustion phase, which further
contribute to NOx formation.

Despite the slight increase in NOy emissions, the overall
benefits of ethanol-biodiesel blends, such as reduced
particulate matter and hydrocarbon emissions, highlight their
potential as cleaner alternatives to fossil diesel. Future
research should focus on optimizing combustion strategies

and exhaust after-treatment technologies to mitigate NOx
emissions while maximizing efficiency and sustainability
[27, 34].
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4.2.4 CO Emission

Fig. 8 illustrates the carbon monoxide (CO) emissions
for various fuel blends under different load conditions. The
results indicate that at lower loads, CO emissions remain
relatively constant, whereas at higher loads, there is a notable
increase in CO emissions. However, biodiesel blends
consistently exhibit lower CO emissions compared to
conventional diesel fuel. This reduction is primarily
attributed to the higher oxygen content in biodiesel, which
enhances oxidation and promotes the conversion of unburned
CO into carbon dioxide (COz).
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Under maximum load conditions, DE5SB10 recorded a
25.5% reduction in CO emissions, while DE10B10 and
DE15B10 demonstrated reductions of 38.3% and 50.5%,
respectively, compared to diesel fuel. These significant
reductions highlight the potential of ethanol-biodiesel blends
in improving combustion efficiency and reducing harmful
emissions. The findings confirm that biodiesel-enriched
blends serve as an effective alternative to diesel, offering
cleaner combustion and contributing to lower environmental
pollution levels [34, 35].
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4.2.5 Smoke Opacity

Fig. 9 illustrates the smoke opacity levels for various fuel
blends under different loading conditions. The results
indicate that as the load increases, smoke opacity rises for all
tested fuel combinations. Notably, the B100 biodiesel blend
exhibits 14.1% higher smoke opacity than diesel fuel across
the entire load spectrum, primarily due to its higher viscosity
and incomplete combustion at certain operating conditions.

Conversely, ethanol-biodiesel blends (DE5BI10,
DE10B10, and DEI15B10) demonstrate reduced smoke
opacity compared to diesel fuel. This reduction is attributed
to the presence of free oxygen in ethanol, which enhances
combustion efficiency and minimizes particulate matter
formation. Specifically, DESB10 recorded a 3.69% decrease
in smoke opacity, while DE10B10 and DE15B10 exhibited
reductions of 6.96% and 11.36%, respectively, relative to
diesel fuel. These findings highlight the effectiveness of
ethanol-biodiesel blends in reducing soot emissions, making
them a cleaner alternative to conventional diesel for
compression ignition engines [36-39].
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5 CONCLUSIONS

The primary objective of this study was to synthesize
biodiesel from rubber seed oil (RSO) via transesterification
and evaluate its feasibility as an additive in diesel-ethanol
(DE) blends for compression ignition (CI) engines. Under
maximum load conditions, the DE5B10, DE10B10, and
DE15B10 blends exhibited increases in brake thermal
efficiency (BTE) by 7.29%, 8.86%, and 10.19%,
respectively, compared to diesel blends. While all RSO
biodiesel blends demonstrated higher brake-specific fuel
consumption (BSFC) than diesel, the DE15B10 blend
achieved an optimal balance between efficiency and
emissions. In terms of emission characteristics, the addition
of RSO biodiesel significantly reduced carbon monoxide
(CO) emissions. The CO emissions for the DE5BI0,
DE10B10, and DE15B10 blends were lower than those of
traditional diesel fuel, with reductions of 25.5%, 38.3%, and
50.5%, respectively. Hydrocarbon (HC) emissions also
decreased, with reductions of 21.3% for the DE5B10 blend,
26.52% for the DE10B10 blend, and 13.92% for the
DE15B10 blend. Furthermore, nitrogen oxide (NOy)

emissions were notably lower under low-load conditions for
all biodiesel blends compared to diesel fuel, a critical factor
for regulatory compliance with emission standards.
Additionally, the integration of RSO biodiesel and ethanol
contributed to a significant reduction in smoke opacity,
enhancing combustion efficiency and decreasing particulate
matter emissions. This study underscores the viability of
using RSO biodiesel as a sustainable and renewable
emulsifier in DE blends, ensuring phase stability and
improved fuel performance. The findings indicate that the
DE15B10 blend, with its optimal combination of
performance enhancement and emission reduction, is a
promising alternative fuel for CI engines without requiring
modifications to existing engine hardware. Future research
should focus on long-term durability tests and economic
feasibility assessments to further validate the commercial
applicability of RSO biodiesel blends in the automotive
industry [40-42].
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GLDM Algorithm for Big Data (SCADA) Wind Speed Modelling

Mostafa Abotaleb

Abstract: This study enhances wind speed forecasting by implementing the second-order Generalized Least Deviation Method (GLDM), focusing on wind turbines in Turkey. The
research aims to improve predictive accuracy and operational efficiency in renewable energy systems through advanced mathematical modeling in meteorology. The GLDM,
utilizing a quasilinear recurrence equation, addresses the inherent non-linearity and variability of wind speed data. By applying the method to extensive SCADA data, this study
minimizes residuals in nonlinear big data environments, integrating both linear and nonlinear components to refine predictions. A critical aspect of this research is the comparison
between the second-order GLDM and traditional forecasting models, including statistical methods and machine learning approaches. The results demonstrate the superior
performance of GLDM, as indicated by lower prediction errors and greater accuracy across key metrics. The study also underscores the importance of GLDM coefficients, a;, in
improving predictive capabilities. The findings advocate for the adoption of GLDM in wind speed forecasting, highlighting its potential to significantly enhance wind energy
management through increased accuracy. This study also sets a precedent for broader applications of advanced mathematical models in environmental science, illustrating the
effectiveness of GLDM in optimizing renewable energy resources.
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1 INTRODUCTION

The advancement of renewable energy technologies has
become a global imperative in the face of the pressing
environmental challenges posed by conventional energy
sources. Among the various renewable options, wind power
has emerged as a leading contender, harnessing the abundant
and sustainable resource of wind to generate electricity.
However, the inherent variability and intermittency of wind
power pose significant challenges for its seamless integration
into the energy grid. Accurate forecasting of wind speeds is
thus a crucial prerequisite for optimizing the operations and
efficiency of wind energy systems. Wind speed forecasting
has become a pivotal area of research, drawing the attention
of scientists, engineers, and policymakers alike. The
development of sophisticated statistical models and data-
driven approaches has enabled significant strides in
enhancing the precision and reliability of wind speed
predictions. These advancements not only improve the
management of wind farms and energy distribution but also
contribute to broader environmental sustainability goals,
such as reducing greenhouse gas emissions and mitigating
the impacts of climate change. As the global commitment to
renewable energy continues to strengthen, the field of wind
speed forecasting remains a dynamic and interdisciplinary
domain, poised to unlock new frontiers in renewable energy
optimization and environmental stewardship. The continuous
release of greenhouse gases by conventional energy
resources derived from fossil fuels contributes significantly
to global warming and its detrimental impacts on the Earth’s
atmosphere. Consequently, there is an urgent need to expand
the capacity of power plants based on renewable energy
sources to satisfy the steadily increasing global energy
demand. Notably, onshore wind and photovoltaic solar
power plants, which are among the most technologically
advanced renewable resources, offer the benefit of having the
lowest levelized cost of energy [12]. As such, it is anticipated
that these resources will constitute a larger proportion of the

total renewable energy mix in the future. It has been observed
that the power generation from these two resources often
exhibits an inverse relationship, particularly on a monthly
scale [13]. Additionally, wind energy is recognized for its
significant variability on an hourly basis, making it an
intermittent source of power. Furthermore, as wind power’s
integration into the electrical grid system expands, not only
do operational costs escalate, but the reliability of the system
also diminishes [14]. Thus, precise wind forecasting is
essential to ensure energy supply security and to address the
intermittency associated with wind energy.

Wind speed forecasting can be categorized into three
distinct types: physical, statistical, and hybrid models.
Physical models, often requiring extensive computational
resources, are predominantly applied for long-term
forecasting. In contrast, statistical models are more
commonly utilized for short-term predictions of wind speed.
Although numerical weather prediction (NWP) models serve
as a direct basis for physical wind speed forecasting, the
outputs from these NWP models can also function as initial
and boundary condition data in subsequent NWP models for
the purpose of downscaling [15].

Wind energy stands as a cornerstone of the global
transition towards renewable power sources, driven by its
sustainability and the growing imperative to reduce
greenhouse gas emissions. Accurate wind speed forecasting
emerges as a pivotal challenge within this context,
underpinning the efficiency and reliability of wind turbines.
The ability to predict wind speeds with high precision is
instrumental for operational planning, energy yield
optimization, and minimizing the gap between generated and
demanded power. This study introduces a novel approach to
wind speed forecasting, leveraging the rich datasets provided
by Supervisory Control and Data Acquisition (SCADA)
systems from operational wind turbines in Turkey. Big Data
has emerged as a transformative force across various
industries, revolutionizing how we collect, analyse, and
utilize vast amounts of information. In the realm of
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renewable energy, particularly wind power, Big Data plays a
pivotal role in optimizing operations, enhancing efficiency,
and ensuring reliability. One crucial aspect where Big Data
is indispensable is in the monitoring and analysis of wind
speed through Supervisory Control and Data Acquisition
(SCADA) systems. Wind energy generation heavily relies on
the availability and consistency of wind speeds.
Understanding wind patterns, variations, and potential
disruptions is paramount for maximizing energy output and
maintaining the integrity of wind turbines. SCADA systems
serve as the backbone of this process, continuously collecting
real-time data from various sensors installed on wind turbines
and meteorological stations. These systems capture an
extensive range of parameters, including wind speed,
direction, and temperature, humidity, and turbine
performance metrics. The volume of data generated by
SCADA systems can be staggering, often reaching terabytes
or even petabytes of information. Managing and processing
this vast dataset requires sophisticated Big Data analytics
capabilities. Advanced algorithms and machine learning
techniques are employed to analyze historical data, identify
trends, and predict future wind patterns with a high degree of
accuracy. This predictive capability is invaluable for
optimizing turbine operation, scheduling maintenance
activities, and mitigating potential downtime.

Moreover, Big Data analytics enables wind farm
operators to enhance resource allocation and decision-
making processes. By integrating SCADA data with
geographical information systems (GIS) and other external
datasets, operators can gain deeper insights into local weather
patterns, topographical features, and environmental factors
that influence wind behaviour. This holistic understanding
allows for more informed site selection, layout optimization,
and strategic planning, ultimately improving the overall
performance and profitability of wind farms. Furthermore,
the application of Big Data in wind speed analysis extends
beyond operational optimization to include grid integration
and energy forecasting. By leveraging historical SCADA
data along with meteorological forecasts and market trends,
energy providers can accurately predict future energy
production levels and adjust grid operations accordingly.
This proactive approach enhances grid stability, facilitates
renewable energy integration, and supports the transition
towards a more sustainable energy infrastructure.

Modelling univariate time series data for wind speed is
essential for understanding and predicting the behaviour of
this critical variable in renewable energy production. Time
series modelling involves analysing the sequential nature of
data points collected over time to uncover patterns, trends,
and dependencies. In the context of wind speed, univariate
time series models focus solely on the historical variations of
wind speed without considering other variables. A frequently
utilized method for simulating wind speed time series is the
Autoregressive Integrated Moving Average (ARIMA)
model. ARIMA models are exceptionally appropriate for
data that is stationary, characterized by constant mean and
variance throughout the time series. This makes them highly
effective in analysing and predicting patterns where data
points tend to return to a long-term average, providing a

robust framework for understanding wind speed fluctuations
over time. By harnessing the autocorrelation and seasonality
inherent in wind speed data, ARIMA models can offer
critical insights into both short-term fluctuations and long-
term trends. This capability allows for a detailed
understanding of wind speed dynamics, facilitating more
accurate forecasting and strategic planning in fields that rely
on wind speed data, such as renewable energy management
and meteorological research. Additionally, extensions such
as seasonal ARIMA (SARIMA) can account for periodic
patterns that are characteristic of wind behaviour. Another
popular method for modelling wind speed time series is the
use of machine learning algorithms, such as recurrent neural
networks (RNNs) and long short-term memory (LSTM)
networks. These deep learning models excel at capturing
complex temporal dependencies and nonlinear relationships
in the data. By training on historical wind speed observations,
RNNs and LSTMs can learn to make accurate predictions of
future wind speeds, enabling better resource planning and
operational decision-making for wind farms. Moreover,
hybrid approaches that combine traditional statistical
methods with machine learning Techniques provide a
complete approach for simulating time series for wind speed.
For example, integrating ARIMA models with neural
networks can leverage the strengths of both approaches,
resulting in improved forecasting accuracy and robustness.
Additionally, ensemble methods such as bagging and
boosting can further enhance prediction performance by
aggregating multiple models' outputs.

Through the application of the second-order Generalized
Least Deviation Method (GLDM), our research not only
seeks to enhance forecasting accuracy but also to contribute
to the broader understanding of wind dynamics. The focus on
SCADA data, reflecting actual turbine performance over
time, provides a robust foundation for our analytical models,
offering insights into the complex interplay of
meteorological and operational factors affecting wind speed.
This introductory exploration sets the stage for a detailed
investigation into the potential of advanced mathematical
modelling techniques to revolutionize wind speed
forecasting and, by extension, the efficiency of wind energy
production. The prevailing methodologies for forecasting
wind speed encompass the persistence technique, which
adopts a physical stance through numerical time predictors,
alongside various statistical approaches. These include the
Autoregressive ~ with ~ Exogenous  Input  (ARX),
Autoregressive ~ Moving  Average (ARMA), and
Autoregressive Integrated Moving Average (ARIMA)
models, as well as several neural network architectures such
as the Artificial Neural Network (ANN), Adaptive Linear
Element Network (ADALINE), Feed-forward Neural
Network (FNN), and Multilayer Perceptron (MLP),
Recurrent Neural Network (RNN), and Radial Basis
Function (RBF) networks [16]. Recent advancements have
seen machine learning algorithms (MLAs) like spatial
correlation, Fuzzy Logic (FL), and Ensemble prediction
being integrated with Artificial Neural Networks (ANNs)
during the forecasting process. This integration has given rise
to hybrid models, offering an innovative alternative that
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enhances the accuracy of wind speed predictions [17].
Conversely, methodologies like the Autoregressive Moving
Average (AR), ARMA, ARIMA, ARX-Type, and
Fractional-Autoregressive Integrated Moving Average (f-
ARIMA) [18]. Necessitate a foundational understanding of
mathematical models and are predominantly applied to long-
term forecasting. These models require linearity, offering
straightforward implementation and the establishment of
dependable intervals. Consequently, analysing the nature of
the time series is crucial for selecting a suitable model.
Conversely, models utilizing Artificial Neural Networks
(ANN) are adept at handling non-linear systems without
necessitating  preliminary =~ mathematical =~ modelling
knowledge. Furthermore, certain hybrid models leverage
time series data within artificial intelligence frameworks to
forecast wind speeds. Such models prove invaluable by
offering critical insights into harnessing a locale’s wind
potential for prospective wind energy installations, through
the projection of future wind speeds [19]. Furthermore, these
models exhibit flexibility in handling inline measurements
and possess fault tolerance capabilities. Hence, it is advisable
to utilize extensive time series data for network training to
enhance the accuracy of wind speed forecasting outcomes.
Among various forecasting methodologies, the
Generalized Least Deviation Method (GLDM) stands out as
an innovative technique for analysing complex
environmental systems. Initially conceptualized within the
realm of mechanical engineering, GLDM has proven to be an
effective framework for understanding the intricate dynamics
of wind speed patterns. This method adeptly captures both
linear and non-linear interactions among crucial atmospheric
variables, offering a comprehensive approach to wind speed
forecasting. In our investigation, we explore the utility of
GLDM in the context of wind energy generation, specifically
focusing on its application to wind speed data collected from
turbines. By analysing historical wind speed records, our
objective is to evaluate the capacity of GLDM to accurately
predict wind speeds, thereby facilitating more efficient wind
turbine operation. Through an in-depth examination of the
model’s coefficients, error assessments, and the statistical
validation of its predictions, we aim to discern the model’s
performance across varying complexities and its general
applicability to environmental forecasting. The outcomes of
this analysis are anticipated to provide valuable insights not
only for the enhancement of wind energy production but also
for the broader field of environmental modelling. By
demonstrating the efficacy and versatility of GLDM in
capturing wind speed fluctuations, this research contributes
to the advanced methodologies available for environmental
prediction and management. Our ultimate aim is to offer
findings that aid energy specialists, meteorologists, and
environmental policymakers in harnessing wind resources
more effectively, promoting sustainable energy solutions
amidst changing climatic conditions. In our research [1, 20],
we elaborate on the methodologies used to determine the
parameters of a unique difference equation with quasilinear
characteristics, which has been identified as addressing
regression analysis challenges pertaining to interdependent
observed variables. This method facilitates the application of

the Generalized Least Deviations Method (GLDM) to wind
speed data. In this study, we conduct computational
experiments using both a short and a long wind speed dataset
to demonstrate the statistical relevance of the model’s
coefficients. Exploring this model is particularly critical as,
in contrast to neural network-based approaches, it provides a
transparent mechanism for deriving high-quality quasilinear
difference equations. These equations offer a more precise
description of wind speed dynamics, underscoring the
significance of our method in enhancing the accuracy and
reliability of wind speed forecasting [21-30].

At the heart of the Generalized Least Deviation Method
(GLDM)’s success in wind speed forecasting lies its robust
mathematical formulation. This method optimizes an
objective function F(a) = Y=, |y; — f (x;; @)|, where y;
denotes the actual wind speeds observed, f (x;; @) represents
the predicted wind speeds by the model, and a symbolizes
the coefficients vector. The optimization process seeks to
find the best set of coefficients a = {a,, a,, ..., a,;}, withm
indicating the model’s complexity level. The determination
of m is crucial, directly affecting the model’s ability to
accurately capture the dynamics of wind speed fluctuations.
Our research employs computational experiments alongside
statistical assessments to clarify how different model
complexities can be optimally chosen for various wind speed
datasets. This endeavour not only aims to validate the
GLDM’s applicability to wind speed forecasting but also
seeks to enhance the synergy between the model’s theoretical
framework and its practical execution. This study’s insights
aim to further the understanding of GLDM’s application
scope, demonstrating its utility in delivering precise and
reliable wind speed forecasts in the context of renewable
energy. Time series analysis is a fundamental tool for
understanding the dynamics of sequential data, ranging from
economic indicators to physiological signals. Quasilinear
recurrence equations offer a versatile framework for
modeling the evolution of univariate time series, allowing for
the incorporation of both linear and nonlinear dependencies.
In this paper, we explore the concept of quasilinear
recurrence equations and discuss their adaptation for
modeling univariate time series data.

A quasilinear recurrence equation represents the
evolution of a variable x; at time t as a function of its lagged
values X;_1, X¢_2, ..., X;_, along with an error term €.
Mathematically, it can be expressed as: x; =
f(xe1, X0, o) Xe_) + €, Where f represents a possibly
nonlinear function capturing the dependencies between the
lagged values, and €, denotes the error term at time t. The
parameter k indicates the lag order, determining how many
previous observations influence the current value.

In the context of univariate time series analysis,
quasilinear recurrence equations are often used to model the
dynamics of a single variable over time. The function f in
Equation (1) can take various forms, depending on the
characteristics of the data and the underlying dynamics. For
example:

* In autoregressive models, f might represent a linear
combination of lagged values, expressed as
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F(Xee1) Xpmzy woer X)) = 2Ky PiXe_;, Where ¢; are the
autoregressive coefficients.

* In nonlinear models, f could involve nonlinear
transformations or interactions between lagged values, such

as f(x¢—1, Xe—2) = sin(x;—1) + cos(x;_,).

The choice of f depends on the complexity of the
underlying dynamics and the assumptions about the data-
generating process. Estimating the parameters of the function
f is a crucial step in modeling univariate time series data.
Various estimation techniques can be employed, including:

* Least Squares Estimation: This method minimizes the
sum of squared residuals between the observed and predicted
values of the time series.

*  Maximum Likelihood Estimation: ML estimation
maximizes the likelthood function of the observed data,
assuming a specific distribution for the error term €,.

* Bayesian Inference: Bayesian methods incorporate
prior beliefs about the parameters and update them using
Bayes’ theorem to obtain posterior distributions.

These techniques allow us to identify the functional form
of f and estimate its parameters from observed data,
providing insights into the underlying dynamics of the time
series. Quasilinear recurrence equations can be extended to
incorporate additional factors such as seasonality, trend, and
exogenous variables. For instance, in seasonal time series
analysis, f might incorporate seasonal dummies or seasonal
autoregressive terms to capture recurring patterns.
Furthermore, the error term €, can be assumed to follow
certain distributions such as Gaussian, Student’s t, or
GARCH processes, depending on the characteristics of the
data and the desired properties of the model.

Quasilinear recurrence equations provide a flexible
framework for modelling univariate time series data,
allowing for the incorporation of both linear and nonlinear
dependencies. By adapting these equations to the specific
characteristics of the data and employing appropriate
estimation techniques, we can develop accurate and
informative models for analysing and forecasting time series.
Future research could explore further extensions of
quasilinear recurrence equations and their applications in
diverse domains.

The utilization of quasilinear recurrence equations offers
a versatile approach to modelling the dynamics of univariate
time series data, accommodating both linear and nonlinear
dependencies. In this context, these equations represent the
evolution of a variable over time as a function of its lagged
values, along with an error term to account for stochastic
fluctuations. The formulation allows for diverse
representations of the underlying dynamics, ranging from
autoregressive models with linear combinations of lagged
values to more complex nonlinear transformations and
interactions. Estimating the parameters of these equations
involves various techniques such as least squares estimation,
maximum likelihood estimation, and Bayesian inference,
which provide insights into the structure and behaviour of the
time series. Additionally, quasilinear recurrence equations
can be adapted to include other elements such as seasonality,

trends, and external variables, improving their relevance for
real-world data. Therefore, these equations are a valuable
resource for examining and predicting time series data in
various fields. Future research endeavours could explore
further extensions and applications of quasilinear recurrence
equations, thereby advancing our understanding of complex
temporal dynamics and facilitating more accurate predictions
in diverse fields. The method utilized in this study, while
conceptually analogous to the traditional Least Absolute
Deviation (LAD) method, is referred to as the Generalized
Least Deviation Method (GLDM) to emphasize the specific
enhancements introduced for wind speed forecasting.
Although both methods aim to minimize the sum of absolute
deviations between observed and predicted values, GLDM
has been extended through the incorporation of the arctan
function in the optimization process. This modification
enhances the method’s robustness against outliers and
improves its capacity to address the non-linear characteristics
inherent in wind speed data. The coefficients within the
GLDM framework are derived by solving a constrained
optimization problem, where the objective function F(a) =
Yiv, arctan(|y; — y;(@)|) is minimized. The optimization
process is approached through both primal and dual
formulations. The primal problem focuses on minimizing the
deviation function under specific constraints, while the dual
problem involves maximizing the associated Lagrangian,
thus providing a complementary perspective on the solution
space. Through the use of both primal and dual optimization
techniques, a thorough exploration of the solution space is
achieved, leading to a stable and reliable estimation of the
model parameters. These methodological advancements,
which include enhanced handling of non-linearities and
outliers, distinguish GLDM from the conventional LAD
method. The adoption of the GLDM nomenclature reflects
these innovations, underscoring its appropriateness for the
complex and variable conditions encountered in wind speed
forecasting.

2 DATASET DESCRIPTION

The dataset pivotal to our analysis is sourced from a
comprehensive SCADA (Supervisory Control and Data
Acquisition) system dataset of a wind turbine, made publicly
available on Kaggle at https://www.kaggle.com/datasets/
berkerisen/wind-turbine-scada-dataset. This dataset
represents an invaluable asset for wind energy research,
encapsulating high-resolution operational data from a wind
turbine actively generating power in Turkey.

Stored in CSV format and approximately 2 megabytes in
size, the dataset encompasses 50,531 records spread across
five columns. The attributes include ‘Date/Time*, signifying
the timestamp of data recording; ‘LV Active Power (kW)*,
detailing the power output; ‘Wind Speed (m/s), which is the
primary variable of interest for our forecasting model;
‘Theoretical Power Curve (kWh)‘, representing the
expected power generation based on wind speed; and ‘Wind
Direction (°)‘, indicating the wind’s direction at the time of
measurement.
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For the purposes of this study, our analysis is focused on
the “Wind Speed (m/s)* column. This choice is driven by our
objective to refine wind speed forecasting methods, thereby
enhancing the predictive accuracy and operational efficiency
of wind turbines. The dataset’s granularity, with recordings
at ten-minute intervals, provides a rich temporal resolution
that is instrumental in capturing the dynamic and fluctuating
nature of wind speeds. This high level of detail supports the
development and validation of our second-order Generalized
Least Deviation Method (GLDM) forecasting model,
offering new insights into wind behaviour and its
implications for wind energy production.

The dataset’s wind speed variable, crucial for forecasting
turbine energy output, is summarized in Tab. 1. With a total
count of 50,530 observations, the wind speed showcases a
mean value of 7.56 m/s, indicative of the site’s moderate
wind conditions. The standard deviation of 4.23 m/s reflects
significant variability, underscoring the challenging nature of
accurate wind speed forecasting. The minimum recorded
wind speed is 0.00 m/s, highlighting periods of calm, while
the maximum speed reaches 25.21 m/s, pointing to instances
of very high wind conditions. The distribution’s quartiles,
with the 25th percentile at 4.20 m/s, the median at 7.10 m/s,
and the 75th percentile at 10.30 m/s, further describe the
dataset’s spread, illustrating the common wind speeds that
turbines are likely to encounter. This statistical overview lays
the groundwork for our analysis, emphasizing the importance
of developing robust forecasting models capable of
accommodating the broad range of wind speeds observed.

Table 1 Statistical summary of wind speed measurements

Statistic Value (m/s)
Count 50,530
Mean 7.56
Standard Deviation 4.23
Minimum 0.00
th Percentile 4.20
Median (50" Percentile) 7.10
th Percentile 10.30
Maximum 25.21

3 METHOD

Wind speed forecasting is crucial for efficient energy
generation and distribution, especially in the context of
renewable energy sources such as wind farms. With the
proliferation of sensor technology and the advent of big data
analytics, there has been a growing interest in developing
accurate forecasting models for wind speed based on
historical data. Univariate time series forecasting, focusing
solely on the wind speed variable, offers a practical approach
to predicting future wind conditions, enabling better resource
allocation and grid management. In this study, we delve into
the complexities and approaches associated with forecasting
univariate time series data, specifically focusing on large-
scale wind speed datasets. Prior to the development of
predictive models, it is imperative to conduct a thorough pre-
processing of the wind speed data. This step is crucial to
enhancing the data's quality and ascertaining its
appropriateness for subsequent analytical procedures.

Through this paper, we aim to outline effective strategies and
challenges in the predictive modelling of wind speed,
emphasizing the importance of rigorous data preparation to
ensure accurate and reliable forecasting outcomes. This
involves steps such as data cleaning to remove outliers and
missing values, data normalization to scale the values within
a certain range, and feature engineering to extract relevant
information from the raw data. In the context of wind speed
forecasting, additional considerations may include dealing
with seasonality, trend, and periodic fluctuations caused by
diurnal and weather patterns. Despite the advancements in
forecasting techniques, several challenges remain in
implementing univariate time series forecasting for wind
speed big data. These challenges include dealing with data
heterogeneity and spatiotemporal dependencies, handling
non stationarity and seasonality, incorporating external
factors such as weather patterns and topography, and
addressing computational scalability issues for analysing
large-scale datasets. Addressing these challenges requires
interdisciplinary collaboration between domain experts, data
scientists, and engineers, leveraging advanced analytics,
machine learning, and high-performance computing
techniques. univariate time series forecasting offers a
practical approach to predicting wind speed based on
historical data, enabling better resource allocation and grid
management in renewable energy systems. By preprocessing
the data, selecting appropriate forecasting models, evaluating
their performance, and addressing implementation
challenges, stakeholders can develop accurate and reliable
forecasting solutions for wind speed big data. Future research
could explore hybrid approaches integrating multiple
forecasting techniques and incorporating real-time data
streams for enhanced prediction capabilities.

Before delving into our methodological advancements in
wind speed forecasting, it is essential to grasp the
mathematical and computational principles that underpin the
Generalized Least Deviation Method (GLDM). At the core
of GLDM lies the objective of minimizing the differences
between actual and predicted wind speeds, encapsulated in
the optimization challenge: minimize L(a) = Y- |y; —
y;(a)|, where y; represents the observed wind speed
measurements, ¥;(a) denotes the model’s estimated wind
speeds, and a = {a4, a,,...,a;} denotes the array of model
coefficients. The robustness of the Generalized Least
Deviation Method (GLDM) in wind speed forecasting is
largely due to its unique approach to minimizing deviations
through the use of the arctan function in the optimization
process. Unlike conventional methods that focus on
minimizing squared errors, GLDM minimizes arctan(|y; —
¥:1), where y; represents the observed values and ¥; denotes
the predicted values. This approach inherently reduces
sensitivity to outliers, as the arctan function tempers the
influence of extreme values, ensuring that the model remains
stable and reliable even in the presence of anomalies.

Moreover, GLDM’s ability to effectively model non-
linear dynamics is enhanced by its integration of quasilinear
recurrence equations, which allow the method to capture both
linear and non-linear patterns within wind speed data. This
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dual capability to manage outliers and complex relationships
makes GLDM particularly well-suited for forecasting in
challenging environments where traditional linear models
may fall short. Through the application of GLDM across
varying orders and diverse datasets, our investigation seeks
to identify the optimal model configuration that balances
simplicity with predictive precision. This comprehensive
examination forms the basis for assessing the model’s
effectiveness and its suitability for enhancing the accuracy of
wind speed forecasts.

The initial stage of the forecasting procedure involves a
Time Series dataset, denoted as {y,} € RI_,_,,, where each
Y, signifies a datum at time t, encapsulated within a period
from 1 to T, with the initiation at an earlier point indexed
by m.

Subsequent to the collection of time series data, the
process incorporates a GLDM Estimator algorithm. GLDM,
postulated as an acronym for Generalized Least Deviation
Method, is postulated to calibrate the data, deducing a set of
pivotal factors{a,, a,, ..., a,,} € R. These factors, intrinsic
real numbers, epitomize the inferred parameters obtained
from the time series data.

These extracted factors are then harnessed by a Predictor
mechanism to prognosticate future values. This predictor is
designed to generate outputs encapsulating the Forecasting
Horizon (FH) and prospective forward-looking values,
indicative of the temporal scope and expected data points for
this horizon respectively.

The considered algorithm operates as follows (see Fig.

1.
; ) GLDM Factors
Time series \ horizon 4 and
- Estimator g g, 0y €R |} Predictor [ ROriZON AN
Yt € Rit=g-m algorithm forward-looking

Figure 1 The approach taken for implementing the model
3.1 GLDM

Consider analysing a single time series from a chosen
tile. The same logic applies to other tiles, with adjustments
based on specific parameters. Linear autoregressive models
often have limited forecast horizons. Building appropriate
nonlinear models or neural networks might be impractical
due to technical constraints. However, quasi-linear models
can extend the forecasting horizon. Let's proceed with
implementing the approach we have discussed. Ref. [1] to
determine the coefficients a,,a,,ds .., a,, € R of a m®
order quasilinear autoregressive model

e =S 40, (i) + &0 t=12,.,T (1)

by up-to-date information about of values of state variables
{y: € R}{_1_p, at time instants t; here g;: ({Vr—r}ie1) =
R, j=1,2,.. n(m) are given n(m) functions, and {¢; €
R}?_; The methodology includes establishing the parameters
for the recurrence equation, represented as Equation (1). This
process is critical as it addresses potential unknown errors

that could arise during the parameterization phase. Ensuring
precision in this step is essential for the accuracy of the
forecasting models, as inaccuracies in parameter settings
could significantly affect the outcomes. This paper discusses
the techniques and considerations necessary to mitigate such
errors, thereby enhancing the reliability of the model's
predictions. The GLDM estimation algorithm [1] gets a time
series {y; € R}__,_,, of length T+ m > (1 + 3m + m?)
as an input data and determines the factors a4, a,, as ..., a,, €
R by solving the optimization task

Y1y arctan| 2 a;9;((ye-ries) — ve| - mn @
aj j—1 C

The Cauchy distribution F(£) = ~arctan(¢) + .

It exhibits the highest entropy among distributions of
random variables devoid of a mathematical expectation and
variance. Hence, the arctan(*) function is adopted as the loss
function.

In the context of wind speed forecasting, we assume that
the absolute differences between observed and predicted
values follow a standard Cauchy distribution. The standard
Cauchy distribution, with its probability density function

flx) = m, is characterized by its heavy tails, making it

particularly well-suited for modeling data that exhibit
significant variability and are susceptible to outliers. Unlike
the normal distribution, the Cauchy distribution has infinite
variance and an undefined mean, which allows it to
accommodate extreme values without disproportionately
influencing the overall model.

This assumption is crucial in wind speed forecasting,
where the data often include extreme deviations that can
impact the accuracy of predictive models. By assuming that
the absolute differences |y; — ¥;| are distributed according to
the standard Cauchy distribution, the Generalized Least
Deviation Method (GLDM) gains enhanced robustness
against outliers, thereby improving the model’s reliability
and stability. This approach ensures that the predictive model
remains effective even in the presence of anomalies, which is
essential for accurate wind speed forecasting in complex and
variable environments.

Consideration is given to an m™ order model that is
characterized by quadratic nonlinearity. The foundational
set, denoted as g;(*), is designed to potentially encompass a
range of subsequent functions. In this approach, a
comprehensive analysis of the nonlinear dynamics within the
dataset is facilitated. By accommodating quadratic elements
within the model's structure, the ability to capture more
complex patterns and interactions within the data is
enhanced, thereby improving the accuracy and robustness of
the predictions. Further elaboration on the specific functions
included within this set and their roles in refining the model's
predictive capabilities will be provided in this paper.

h

9o e-idk=1) = Ye-io ©)
9k e-kYk=1) = YVe—k " Ye-vr
k=12,...m; l=kk+1,.. m
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Obviously, in this case n(m) =2m+ C% =m(m +
3)/2, and the numbering of g,y functions can be arbitrary.
Specifically, for m =2, the functions g,y are as follows:

91=Y1, 92=Y2 G3=Yi, Ga=Y3: Gs=Y1" Y2

In this scenario, the model is structured as follows:

Ve = (@Yeo1 + a2ye-2) + (azyiq + agyf, +
AsYi-1Ye-2)- 4)

Predictor forms the indexed by t=1,2,..,T—1,T
family of the m™ order difference equations

n(m)
VI, = ) &g, (0T, Je),
j=1
t=tt+1,t+2,t+3,.,T—1TT+1, (5)

For lattice functions y[t] with values y[t] ~which

interpreted as constructed at time moment t the forecasts
for y,. Let us use the solution of the Cauchy problem for its
difference Eq. (5) under the initial conditions

mt_l =Vt-1r mt_z = Vt-2) 0 mt_m =Vt-m
t=1.2,..,T—1,T (©)

To find the values of the function y[t].
— — T
So we have the set Y, = {y[t]r}t=1 of possible

prediction values of y,. Further we use this set to estimate the
probabilistic characteristics of the y, value.

Task (2), involving GLDM estimation, constitutes a
concave optimization problem. The introduction of
supplementary variables streamlines it into the subsequent
linear programming task:

Yto1 PeZe = min @)
(21,22,--2T7)ERT

—2, < XM [a;9;(Gemi}ieD)] — ve < 26, (8)
t=12,..,T,
z>0 t=12,..T. 9)

The task outlined in Egs. (7)—~(9) is identified as a
canonical form, incorporating variables n(m)+7 and subject
to 3n inequality constraints. These constraints are critical as
they include conditions that guarantee the non-negativity of
z,j=12,..,T. Correspondingly, the dual task associated
with Eq. (7) is presented, providing an alternative perspective
on the problem. This dual formulation is essential for
exploring different solution strategies and for understanding
the underlying structure and limitations of the model. The
relationship between the primal and dual tasks enriches the
analysis, offering insights into the feasibility and
optimization of the model within the defined constraints.

Yo (U — vy = max, (10)
u,veER

Zfz1 ajgj({yt—k};cn=1)(ut —v) =0, j=12,..,n(m),(11)

U + Ve = Dty Up, U = 0, t= 1,2, ...,T. (12)

Let's introduce the following variables: w, = u; — vy,
t =1,2,...,T. Conditions (12) suggest that:

:Pt+Wt

2
t=1.2,..T.

De — We

Up Ve = 2 ,

— Pt W S Py,

Thus, the optimal solution for task (10)—(12) is
equivalent to the optimal solution for the corresponding task.
This equivalence signifies that solving one -effectively
resolves the other, underscoring a fundamental symmetry in
their mathematical structure.

to1 We - Yy — max, (13)
weRT '

2?:1 gj({)’t—k}?:l) “We = 0, ] = 1,2, ...,n(m), (14)

P <W <p, t=12,..,T. (15)

Constraints (14) establish a linear variety £ that is (T —
n(m))-dimensional, characterized by a matrix of
dimensions(n(m) x T).

S
[91({Y1—k}11?:1)
_ .gz ({v1-r}k=1)

12— Yi=1)
gz ({ya-r}k=1)

91({r+1-13k=1) 1
92({Vr+1-13k=1)
gn(m)({yl—k};’cnzl) gn(m)({Jﬁ—k};cn:l) gn(m)({yl—k};cnzl)

Constraints ~ (15)  establish a  T-dimensional
parallelepiped, denoted as 7. This delineation specifies the
straightforward structure of the feasible set for task (13)—
(15). The geometric configuration of the parallelepiped
facilitates an easier visualization and understanding of the
feasible solution space, thus enhancing the approachability
and manageability of the task. By clearly defining the bounds
and dimensions of this set, the analysis becomes more
focused and structured, allowing for more efficient
exploration of potential solutions within these defined
parameters, which is the intersection of the (T —n(m))-
dimensional linear variety £ defined in (14) and the T-
dimensional parallelepiped 7" described in (15), facilitates its
resolution through an algorithm. This algorithm utilizes the
gradient projection of the objective function detailed in (13),
represented by the vector (V= {y,}I_, , onto the permissible
regionL N T. The region is delineated by the constraints
(14)—(15). The projection matrix for LL is given by: S, =
E—ST-(5-8T)"1.S, and the gradient projection onto LL
is calculated asV,= S, - V.. Additionally, if the external
normal of any face of the parallelepiped forms an acute angle
with the gradient projection V., then movement along this
face will be zero. This ensures that the gradient projection
method effectively navigates the feasible set, optimizing the
objective function within the defined constraints.
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GLDM estimates demonstrate robustness against
correlations among values in {y, € R}_,_,,, and, with
proper adjustments, provide superior results for error
probability distributions that exhibit tails heavier than those
of a normal distribution (refer to [2]). This supports the
practicality of employing an algorithm based on the
Weighted Least Deviation Method (WLDM) for solving the
identification problem. According to the findings published
in [3], the task of computing GLDM estimates can be
converted into an iterative process utilizing WLDM
estimates [1].

The operational procedure of the algorithm is depicted in
Fig. 2. The initial data required includes:
+S = {S; € RN},¢r, matrix representing the linear variety
* V., the gradient projection of the objective function on £;

» Weight factors {p, € R*}1_;;
* The values of the specified state variables {y, € R*}_;_..

"M“)Tz(”) « WLDM (5, Ve, {pe}is, {yf};';1_,.,)|
vt=1,2,...,T
poe (1 (14 )
L
|(A(")‘ =)« WLDM (S, Ve, {pe}izr, {wti=i—m) |
k=2
NO Qutput:
(A“‘), Z(k))
YES
vt=1,2,...,T End

o (17 (14 7))
A7

|<A“‘“’. 40)) — wLDM (s.va.{pi*‘}L.. {y/}L.,,,,)|

Figure 2 The strategy employed by the GLDM estimation algorithm

The algorithm operates through an iterative process
aimed at obtaining the optimal GLDM solution 4 € R™(™)
and the vector of residuals z € R”. This process terminates
when the solution for the current iteration (A(k)) equals the
solution from the previous iterationA®~1_ To derive A and
z, the Weighted Least Deviation Method (WLDM)
estimation algorithm is employed [4]. This algorithm uses the
same input data as the GLDM algorithm and calculates the
factors necessary for convergence.

aq,03,03 ., Apemy € R

By solving the optimization task
Y1 pe |Z7£T) ajgj({yt—k};(nzl) - }’t| - min

{a j}?iT)ER“(m)

(16)

The scheme of this algorithm is shown in Fig. 3.

Input:
S ={8 € RN}er
VC T
{p € RY},
{ye € R*}Lfm

)
(w*, R*) < DualWLDM (V.:, {p, € RT},)
N
S «{Si:t¢ R}, y" «—{yt: t&€ R}
N
(A*)T (_ y* . (S*)f-l
i)
ZF e (AM)TS —y
|

Output:
(A, z0)

End

Figure 3 The framework of the WLDM estimation algorithm

The computational complexity of this algorithm is
capped at 0(T?) because of the straightforward structure of
the permissible set, which consists of the intersection
between a T -dimensional cuboid, as described in (15), and a
(T — n(m)-dimensional linear variety, as mentioned in (14).

The algorithm designed for the dual task outlined in
equations (13)—(15) commences the quest for the optimal
solution at the zero point, methodically advancing along a
specified vector V. This structured progression is designed
to methodically traverse the solution space, adhering closely
to the defined constraints and systematically evaluating each
potential solution along the way. If the current point lands on
the face of the cuboid T, then the corresponding coordinate
in the movement direction is set to zero, effectively halting
movement in that direction. This method ensures that the
search remains within the confines of the defined feasible
region.

If (w*, R*) is the outcome of implementing the gradient
projection algorithm [1], then w™ represents the optimal
solution for the task defined in equations (13)-(15).
Consequently, the optimal solution for the task outlined in
equations (10)-(12) corresponds to R*. This alignment
ensures that both solutions are effectively optimized through
the same procedural framework.

. betwg . Dbe—wg
t =TI vt =T, t= 1,2,...,T.

It follows from the complementarity condition for a pair
of mutually dual tasks (7)—(9) and (10)—(12) that:
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ye =21 [a,9,({ye-idii)] VE€R, (17)

Ve = Z;lgf) [ajgj({}’t—k};cnﬂ)] +z{, VtER“wW =p,
(18)

e =20 [a,9,(e-idii)] -z, VtER:wi = —p,.
(19)

Indeed, the solution ({a}}?ﬁrf),

algebraic equations (17)—(19) functions as the dual optimal
solution for the task (13)—(15) and simultaneously as the
optimal solution for the task (16). This dual role confirms the
validity of the theorem cited in reference [5].

Theorem 3.1 Let
* W be the optimal solution of the task (13)-(15),

. ({a]i‘}?frf),z*) be solution of a system of linear algebraic
equations (17)-(19).
Therefore, {a}‘}?ﬁrf) constitutes the optimal solution for

the task (16).

The primary challenge associated with the utilization of
the WLDM estimator lies in the lack of universal formal
guidelines for selecting weight coefficients. As a result, this
approach necessitates further investigation and research to
establish effective methodologies.

Theorem 3.2 [4]: The sequence {(A®,z(M)}
generated by the GLDM estimator Algorithm, converges to
the global minimum (a*, z*) of the task (2).

The computational complexity of the GLDM estimation
algorithm appears to be directly correlated with that of the
algorithm employed for solving the primal and/or dual
WLDM tasks. Various computational experiments indicate
that the average iteration count necessary for the GLDM
estimation algorithm aligns with the number of coefficients
in the identified equation. Should this hypothesis prove valid,
the computational complexity associated with solving
practical problems would not exceed these parameters.

z") of the system of linear

0((n(m))3T + n(m) - T?).

It should be noted that the search for and discovery of
high-order autoregression equations are subject to specific
conditions. Among these conditions, one noteworthy factor
is the algorithm's high sensitivity to rounding errors. To
mitigate the risk of calculation errors, it is imperative to
execute basic arithmetic operations meticulously within the
realm of rational numbers, supplemented by parallelization
[6-11].

4 ERROR METRICS FOR WIND SPEED FORECASTING

The process of forecasting wind speed through time
series analysis plays a vital role in optimizing wind energy
production. This task, which centers on predicting future
wind speeds from past and present observations, requires a
high degree of accuracy to ensure effective operational
planning for wind farms. To ascertain the performance of our
wind speed forecasting models, specifically those devised
utilizing first and second order Generalized Least Deviation
Method (GLDM) algorithms, we employ a set of critical error

metrics. These metrics are essential for measuring the
forecasts’ accuracy, reliability, and the potential bias within
them. In this section, we delve into key error metrics: Root
Mean Square Error (RMSE), R-Squared (R?), Mean Absolute
Percentage Error (MAPE), Mean Absolute Error (MAE), and
Mean Squared Error (MSE). Each of these metrics sheds light
on different facets of our models’ performance, offering a
well-rounded evaluation. Through the analysis of RMSE, R?,
MAPE, MAE, and MSE, we identify the strengths and
limitations of our forecasting methodologies, pinpointing
opportunities for enhancement. Such meticulous scrutiny is
pivotal for refining our wind speed forecasting methods,
thereby pushing forward the capabilities of wind energy
management practices.

The selection of diverse error metrics, including RMSE,
MAE, MSE, MAPE, and R?, is essential for a comprehensive
evaluation of the Generalized Least Deviation Method
(GLDM) in wind speed forecasting. Each metric captures
different aspects of model performance: RMSE emphasizes
large errors, MAE provides a balanced view of average error,
MSE highlights overall error magnitude, MAPE offers
insights into relative performance, and R? assesses the
explanatory power of the model. Together, these metrics
enable a thorough assessment, guiding the refinement of our
forecasting methods. This iterative improvement enhances
predictive precision, thereby advancing the capabilities of
wind energy management practices.

4.1 Root Mean Square Error (RMSE) for Wind Speed
Forecasting

RMSE is a crucial metric for assessing the accuracy of
wind speed forecasts, quantifying the standard deviation of
the residuals or prediction errors. It effectively captures the
magnitude of error between the forecasted and actual wind
speeds, offering insights into the overall precision of the
forecasting model. Specifically for wind speed forecasting,
RMSE evaluates the average magnitude of errors across all
predictions, providing a clear measure of model performance
in predicting wind speeds. The formula for calculating
RMSE in the context of wind speed forecasting is presented
as:

1 ~
RMSE = 1/; iz O = 9)? (20)

Here, y; represents the observed wind speeds, ¥; denotes
the predicted wind speeds by the model, and n is the total
number of observations. A lower RMSE value indicates a
model with higher accuracy in forecasting wind speeds,
underscoring the model’s efficacy in energy production
planning and operational optimization for wind farms.

4.2 R-Squared (R?) for Wind Speed Forecasting

The R? metric offers insights into the accuracy of wind
speed forecasts by indicating the goodness of fit between the
predicted and actual wind speed values. It quantifies the
proportion of variance in observed wind speed data that is
predictable from the forecasting model. Specifically, R?
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assesses the extent to which variations in actual wind speed
can be explained by the model’s predictions, thereby serving
as a measure of the model’s explanatory power. The formula
for calculating R? in the context of wind speed forecasting is
expressed as:

T, 090
RZ =1 —2=1 77l 21
I, 092 2h

where y; denotes the observed wind speed values, ¥;
represents the predicted wind speed values based on the
model, ¥ is the mean of observed wind speeds, and n is the
total number of observations. A higher R? value indicates a
model that more accurately reflects the observed wind speed
variations, making it a crucial metric for evaluating the
performance of wind speed forecasting models.

4.3 Mean Absolute Percentage Error (MAPE) for Wind Speed
Forecasting

MAPE is a critical metric in wind speed forecasting as it
quantifies the average magnitude of prediction errors as a
percentage of actual wind speeds. This measure provides a
clear indicator of the model’s accuracy in percentage terms,
making it particularly useful for understanding the relative
size of forecast errors in predicting wind speeds. The MAPE
calculation for wind speed forecasts is given by:

100%
i=1

MAPE =

e (22)

n
where y; represents the observed wind speed values, ;
denotes the predicted wind speed values from the model, and
n is the number of observations. A lower MAPE value
indicates a higher accuracy of the wind speed forecasting
model, highlighting its effectiveness in closely matching the
actual wind speed measurements.

4.4 Mean Absolute Error (VAE) for Wind Speed Forecasting

MAE plays a pivotal role in assessing the accuracy of
wind speed forecasts by measuring the average magnitude of
errors across predictions without accounting for their
direction. This metric is particularly useful in wind energy
studies as it provides a straightforward indication of the
model’s performance in predicting wind speeds. By
calculating the average of the absolute differences between
the predicted and the actual wind speed observations, MAE
offers a clear, interpretable measure of forecast accuracy. The
MAE for wind speed forecasting is defined as:

1 ~
MAE = = %L1 lyi = Jil (23)

where y; denotes the actual observed wind speed values, ¥;
represents the predicted wind speed values from the
forecasting model, and n is the total number of wind speed
observations in the dataset. A lower MAFE value indicates a
higher precision of the wind speed forecasting model,

underscoring its reliability in predicting wind speed with
minimal error.

4.5 Mean Squared Error (VSE) for Wind Speed Forecasting

MSE is a crucial metric in evaluating the accuracy of
wind speed forecasting models, as it quantifies the average
squared difference between the estimated values and what is
actually observed. This squared difference penalizes larger
errors more severely than smaller ones, making MSE
particularly informative for understanding the performance
of wind speed predictions. The formula for calculating MSE
in the realm of wind speed forecasting is expressed as:

MSE = -3, (y; — 9,)? (24)
where y; represents the actual observed wind speeds, ¥;
denotes the wind speed values predicted by the model, and n
is the total count of observations. A lower MSE value
indicates a model that more accurately forecasts wind speeds,
highlighting its effectiveness in closely mirroring actual wind
speed variations. This measure provides insights into the
model’s precision, with the aim of minimizing forecasting
errors and enhancing the reliability of wind energy
production forecasts.

In this thorough investigation, we have explored various
error metrics pivotal for evaluating the precision and efficacy
of univariate time series models in forecasting wind speed.
Our extensive examination encompasses RMSE, R?, MAPE,
MAE, MSE, each providing distinct perspectives on the
forecasting model’s accuracy. This methodical assessment
constructs a solid foundation for evaluating wind speed
predictions, allowing for an in-depth analysis of the model’s
strengths and areas needing enhancement. As we continually
refine our forecasting approaches, the insights derived from
these metrics prove indispensable. The ultimate objective is
to elevate the accuracy of wind speed forecasts, contributing
significantly to more efficient wind farm management and
energy production strategies. The pursuit of high-fidelity
predictions is a progressive endeavor, with each cycle of
evaluation edging us closer to delivering precise and
actionable forecasts for wind energy optimization.

5 RESULTS

In the development of predictive models for wind speed,
the GLDM approach employs a set of coefficients to
encapsulate the system dynamics at various orders of
complexity. Tab. 2 delineates the coefficients for the first and
second orders of the model, highlighting the foundational
parameters that govern model behavior. Specifically, the first
order model utilizes a straightforward formulation with
coefficients a; and a,, aiming for a balance between
simplicity and predictive capability. Conversely, the second
order model expands this basis with a total of five
coefficients (a, through as), thereby enhancing the model’s
ability to capture more intricate patterns in wind speed data.
This gradation in model complexity is instrumental in
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refining our understanding and forecasting of wind speed
variations.

Table 2 Coefficients from First to Second Order for Wind Speed

GLDM Order Coefficients
First a; = 1.0092, a; = —0.0011

a; = 0.9300, a; = 0.0764, a; = 0.0248, a, =
Second 0.0241, a5 = —0.0499

Tab. 3 showcases an error matrix comparing the
performance metrics of the first and second-order
Generalized Least Deviation Method (GLDM) models for
wind speed prediction. Metrics include Root Mean Square
Error (RMSE), R?, Mean Absolute Percentage Error (MAPE),
Mean Absolute Error (MAE), and Mean Squared Error

(MSE).

Table 3 Error Matrix for Wind Speed Prediction using GLDM model

GLDM Order | RMSE R MAPE MAE | MSE
First 0.75 0.97 9.98 0.52 0.56
Second 0.74 0.97 9.50 0.52 0.55

Time Series: Wind Speed: Qriginal vs GLDM Model

25 = Qriginal Data
----- GLDM Model

] 10000 20000 30000 40000 50000
Time

Figure 4 GLDM from the first order for Wind speed

The second-order model exhibits a marginal
improvement over the first-order model across several
metrics. Specifically, it achieves a slightly lower RMSE (0.74
compared to 0.75) and MSE (0.55 compared to 0.56),
indicating a more accurate fit to the observed wind speed
data. Similarly, the MAPE is reduced from 9.98 in the first
order to 9.50 in the second order, further evidencing
enhanced predictive accuracy. The consistent R?> value of
0.97 for both models suggests a strong explanatory power,
yet the improvements in other metrics for the second-order
model underscore its superior capability in modeling wind
speed with greater precision and reliability.

Fig. 6 illustrates the performance comparison between
first and second-order Generalized Least Deviation Method
(GLDM) models for predicting wind speed. Fig. 4 shows the
first-order GLDM model, while Fig. 5 depicts the second-
order GLDM model. The graphical representation indicates
that the second-order GLDM model captures the wind speed
dynamics with greater accuracy, as evidenced by the closer
alignment of its predictions (red dotted line) with the original
data (blue solid line). The enhanced precision of the second-

order model makes it a preferable choice for wind speed
analysis and forecasting.

Time Series Wind Speed: Original vs GLDM Madel

25 —— OCriginal
-+ GLDM Model

204

151

Value

10

4] 10000 20000 30000 40000 50000
Time

Figure 5 GLDM from the second order for Wind speed

GLDM Order Metrics Comg:arison

GLDM Order 2
=== GLDM Order 1
MSE

Figure 6 GLDM models from the first and second order for Wind Speed

Fig. 6 presents a radar chart to compare the performance
of the first and second-order Generalized Least Deviation
Method (GLDM) models for wind speed prediction, detailed
in Tab. 3. This chart encapsulates several error metrics: Root
Mean Square Error (RMSE), R?, Mean Absolute Percentage
Error (MAPE), Mean Absolute Error (MAE), and Mean
Squared Error (MSE). In this visual assessment, the second-
order GLDM model is represented by the orange area, which
shows a marked improvement over the first-order model,
indicated in green, in all measured metrics. Notably, the
second-order model achieves a lower RMSE and MSE—0.74
and 0.55 respectively—compared to the first-order model’s
0.75 and 0.56. Moreover, there is a decrease in MAPE from
9.98 for the first order to 9.50 for the second order. Despite
both models having an R? value of 0.97, the reduction in the
error metrics for the second-order model demonstrates its
superior predictive accuracy and better fit with the observed
wind speed data.

The application of the second-order Generalized Least
Deviation Method (GLDM) in our wind speed forecasting
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methodology represents a significant innovation. This model
is crafted to predict future wind speeds by analyzing past
wind speed data exclusively, eliminating the dependency on
additional meteorological variables. The strength of the
model lies in its ability to identify and decode the patterns
present within the wind speed time series data.

Table 4 Performance of Wind Speed Models

Model RMSE| MSE | MAE | R?Z | MAPE

MLP 5070 | 2570 | 4.05 0'0;‘96 10,,2/'61
0

SVM 080 | 064 | 0.638 | 0.96 |12.13%
Autoarima 0.7453 | 0.5555 | 0.5209 | 0.9689 | 10.00%
Exponential Smoothing | 0.7493 | 0.5614 | 0.5226 | 0.9686 | 9.99%
BATS Model 24 | 576 | 1915 | 030 |19.15%
TBATS Model 46 | 2116 | 3.671 | 045 |24.36%
Prophet Model 3.8472 | 14.8009 | 3.0759 | 0.1717 | 78.03%
Hybrid autoarima-ES | 0.90 | 081 | 0.718 | 0.19 | 71.80%
Hybrid autoarima- 0.88 | 0.7744 | 0.702 | 0.2254 | 70.20%
Polynomial
GLDM Second Order | 074 | 055 | 052 | 0.97 | 9.50%

Tab. 4 provides a comprehensive comparison of the
performance metrics for various models employed in wind
speed prediction. The table presents key indicators such as
Root Mean Square Error (RMSE), Mean Squared Error
(MSE), Mean Absolute Error (MAE), R?, and Mean Absolute
Percentage Error (MAPE) for each model. Notably, the
GLDM Second Order model demonstrates superior
performance, achieving the lowest RMSE of 0.74, MSE of
0.55, and MAE of 0.52. Additionally, it attains the highest R?
value of 0.97, indicating that it explains 97% of the variance
in the wind speed data. The model also exhibits the lowest
MAPE of 9.50%, reflecting its exceptional predictive
accuracy.

The AutoARIMA and Exponential Smoothing models
also perform robustly, with RMSE values of 0.7453 and
0.7493, respectively, and R-squared values closely aligned
with the GLDM model at 0.9689 and 0.9686. Their MAPE
values of 10.00% and 9.99%, respectively, further
underscore their strong predictive capabilities. The SVM
model, while exhibiting an RMSE of 0.80 and an R? value of
0.96, shows a slightly higher MAPE of 12.13%, indicating
marginally reduced accuracy relative to the GLDM and
AutoARIMA models.

In contrast, models such as MLP and TBATS show
significantly less accurate predictions, as evidenced by their
higher RMSE and MAPE values. The MLP model reports an
RMSE of 5.070 and an exceedingly high MAPE of 102.61%,
while the TBATS model has an RMSE of 4.6 and a MAPE of
24.36%. Similarly, the Prophet model, Hybrid AutoARIMA-
ES, and Hybrid AutoARIMA-Polynomial models present
higher RMSE and MAPE values, reflecting their lower
predictive performance relative to the top-performing
models. In summary, the GLDM Second Order model
emerges as the most effective method for wind speed
prediction, delivering the highest levels of accuracy and
reliability among the evaluated models.

The mathematical foundation of our second-order
GLDM, tailored specifically for wind speed time series
forecasting, is articulated by the following equation:

P = QY1 + QY + Q3YEq + QYo 1Ve—2 + A5V,
(25)

where y; represents the forecasted wind speed at time t, and
Vi1 and y,_, denote the wind speeds at the one and two
preceding time steps, respectively. The coefficients a,
through ag are optimized to best align with the historical
data, reflecting the influence of the past wind speeds’ linear
and non-linear relationships.

This model’s prowess in predicting future wind speeds
stems from a composite approach that captures both the
direct effects of the recent past wind speeds as well as their
squared values, embodying non-linear interactions. The
incorporation of squared and product terms allows the model
to account for more complex dynamical patterns that may
influence future wind speed values, thereby improving
forecast accuracy and reliability.

Given the crucial role of wind speed prediction in various
applications such as renewable energy management and
weather forecasting, our study illustrates the importance of
advanced statistical models in environmental science. The
second-order GLDM, with its firm mathematical basis and
empirical support, offers a substantial step forward in
understanding and predicting the nuanced dynamics of wind
speeds. Future research should focus on enhancing these
models, extending their meteorological applications, and
integrating them into holistic weather forecasting systems.
The intersection of mathematical insights and practical utility
remains a promising domain for future advancements, likely
to yield sophisticated tools for environmental predictions and
analyses.

6 DISCUSSION

This study’s investigation into the second-order
Generalized Least Deviation Method (GLDM) for wind
speed forecasting signifies a notable progression in
meteorological data analysis. Implementing the second-order
GLDM model, based on the mathematical formulation

P = QY1 + QpYe—p + QY + QYo 1Ve—2 + A5V,

our research not only narrows the divide between theoretical
models and practical forecasting applications but also reveals
the intricate dynamics influencing wind speed variability.

The coefficients a, to ag, derived through the GLDM
framework, quantitatively illustrate the complex interplay
between the linear and non-linear aspects of historical wind
speed data. This refined comprehension is crucial for the
enhanced prediction of future wind speeds, an important
factor in numerous sectors such as renewable energy,
weather forecasting, and aviation safety.

Our results indicate that incorporating both the direct and
squared impacts of past wind speeds, as well as their
interactions, into the forecasting model offers unprecedented
detail and accuracy. This is especially vital in the current
climate, where unpredictable weather patterns necessitate
reliable forecasting methods.
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In conclusion, our findings emphasize the pivotal role of
advanced mathematical models in environmental sciences,
particularly meteorology. The second-order GLDM model,
with its empirical validity and mathematical robustness,
marks a considerable leap in our predictive capabilities for
wind speed. Future studies should strive to enhance these
models, broaden their meteorological applicability, and
incorporate them into holistic weather forecasting systems.
The confluence of mathematical theory and practical
implementation continues to be a promising avenue for
innovation, likely to produce more advanced tools for
environmental forecasting and analysis.

The adapted second-order GLDM equation for
forecasting wind speed, utilizing all relevant coefficients
aq,a,,as,a,, and as, is given by:

9, = 0.9300 - y,_, + 0.0764 - y,_, + 0.0248 - y2 , +
0.0241 - y,_; - Yoy — 0.0499 - y2_, (26)

This formulation effectively replaces the G functions
with their corresponding operations based on the historical
wind speed data at time steps t — 1 and t — 2. The equation
succinctly captures both linear and non-linear influences of
past wind speeds on the forecasted wind speed ¥, providing
a robust model for wind speed prediction.

The equation represents the second-order Generalized
Least Deviation Method (GLDM) for wind speed
forecasting. Let’s break down each coefficient and its
significance:

$, = 0.9300 - y,_;, + 0.0764 - y,_, + 0.0248 - y2, +
0.0241 ° Yt—l ° yt_z - 0.0499 ° ytz_z (27)

* 0.9300 - y;_4: This term represents the linear influence of
the wind speed at time t — 1 on the forecasted wind
speed ¥;. It indicates how much the previous wind speed
directly affects the current forecast.

* 0.0764 - y,_,: Similar to the first term, this coefficient
denotes the linear impact of the wind speed at time t — 2
on the forecasted value. It captures the delayed effect of
the wind speed from two time steps ago on the current
forecast.

+ 0.0248 - y2 ,: This term accounts for the non-linear
influence of the wind speed at time ¢t — 1 on the forecast.
It represents the squared value of the wind speed at the
previous time step, indicating the presence of non-linear
relationships in the data.

*0.0241 - y;_; * ¥;_,: Here, we have the cross-product term
between the wind speeds at t —1 and t — 2. This
captures the interaction between the wind speeds at
adjacent time steps and provides insight into how their
combined effect influences the forecast.

+ —0.0499 - y2 ,: Similar to the third term, this coefficient
accounts for the non-linear influence of the wind speed
at time t — 2, but squared. It captures any non-linear
patterns specific to the wind speed at the time step two
periods ago.

Each coefficient reflects a different aspect of the
historical wind speed data and its impact on the forecasted
value. By combining linear and non-linear terms, the
equation captures the complex dynamics of wind behavior,
leading to more accurate forecasts.

7 CONCLUSION

In this investigation, we have meticulously explored the
application of the second-order Generalized Least Deviation
Method (GLDM) to the field of wind speed forecasting.
Through a comprehensive analysis, we demonstrated that the
model, characterized by its incorporation of both linear and
non-linear historical data through the mathematical formula

Y(t) = Xioy a;Gi(Yem1, Yeo2),

profoundly enhances the accuracy of wind speed predictions.
The G functions, designed to capture various dynamic
aspects of wind behavior, including direct impacts, squared
influences, and interactions between different time steps,
represent a significant leap in our methodological toolkit for
understanding and predicting meteorological phenomena.

This study’s findings not only underscore the importance
of sophisticated mathematical models in meteorology but
also highlight the intricate relationship between wind speed’s
past values and its future trajectory. By leveraging the
nuanced capabilities of the second-order GLDM, we have
laid a solid foundation for more reliable and precise wind
speed forecasting models. Such advancements are crucial for
various practical applications, ranging from renewable
energy management to disaster preparedness and climate
research.

This investigation into the efficacy of the second-order
Generalized Least Deviation Method (GLDM) for
forecasting wind speed has yielded insightful and promising
results. Through the application of a sophisticated
mathematical model that integrates both linear and non-linear
dynamics of historical wind speed data, we have
demonstrated a significant improvement in forecast accuracy
over traditional first-order models. The mathematical
formulation of our model,

Y(t) = Xioy a;Gi(Yem1, Yeo2),

effectively captures the complexity of wind speed variations
by incorporating past data points and their interactions. This
study not only validates the theoretical merits of the GLDM
approach but also underscores its practical utility in
meteorological forecasting and related applications.

Our findings highlight the critical role of advanced
statistical models in understanding and predicting
environmental phenomena. By embracing the non-linear
nature of weather patterns and the intrinsic value of historical
data, the second-order GLDM model offers a robust tool for
meteorologists, environmental scientists, and industries
reliant on accurate weather forecasting.
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8 FURTHER RESEARCH

The promising results of this study open several avenues
for further research. Future investigations could explore the
following areas:

e Model Extension: Extending the GLDM model to
incorporate third-order or higher interactions could
uncover deeper insights into the wind speed dynamics
and potentially offer even greater forecasting precision.

* Variable Integration: Including additional
meteorological variables such as temperature, humidity,
and atmospheric pressure might enhance the model’s
comprehensive understanding of weather patterns,
leading to improved predictive capabilities.

*  Cross-Disciplinary Applications: Applying the GLDM
framework to other fields, such as hydrology or
oceanography, could test the model’s versatility and
contribute to a broader spectrum of environmental
science.

* Real-time Forecasting Systems: Developing real-time
forecasting systems based on the GLDM model could
have significant implications for disaster preparedness,
renewable energy management, and aviation safety,
among other sectors.

* Machine Learning Integration: Investigating the
integration of GLDM with machine learning algorithms
could yield advanced models that learn from and adapt
to changing weather patterns dynamically.

In conclusion, the second-order GLDM model represents
a significant step forward in the predictive modeling of wind
speed. Its success paves the way for further research aimed
at enhancing our wunderstanding of meteorological
phenomena and our ability to forecast them accurately. As
we continue to refine and expand upon this model, the
potential for impactful discoveries and practical applications
in weather prediction and beyond remains vast and
compelling.
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The Influence of Green Technology Innovation and Supply Chain Learning on
Sustainability Performance in SMEs
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Abstract: Increasing attention to issues such as energy consumption, waste reduction, and resource efficiency has made the importance of sustainable performance more visible.
The current research was conducted to investigate the impact of green technology innovation (GTI) and supply chain learning (SCL) on sustainability performance (SP). The
study's statistical population consisted of managers of Small and medium-sized enterprises (SMEs) in Mobarakeh industrial town in Iran. The sampling method was a simple
random method and 130 companies were determined by G*Power software to determine the sample size. The validity of the questionnaires was confirmed using content validity
and construct validity and their reliability was obtained by Cronbach’s alpha. The data was analyzed by structural equation modelling in SMART_PLS software. The research
findings showed that GTI and SCL directly and significantly affect SP. According to the obtained results, GTI and SCL can be effective in improving SP in SMEs.

Keywords: environment; green technology innovation; SMEs; supply chain learning; supply chain management; sustainability performance

1 INTRODUCTION

In a world where most businesses are focused on
generating wealth through economic performance, in today's
dynamic business environment, companies face many
challenges, including environmental issues [1]. These
challenges, which are the result of inefficient methods of
production and consumption, have become worrying for
many countries in the world in recent years. To deal with
these challenges, countries have introduced several strategic
measures such as "Sustainable Development Goals" [2].
Some sources have said that small and medium-sized
enterprises (SMEs) can cause more than 50% of industrial
pollution that leads to environmental damage [3]. Therefore,
organizations must focus their progress on measuring
sustainability performance (SP) instead of focusing only on
operational and economic performance to improve their
sustainability indicators [4].

In providing new services and products, organizations
adopt different methods to improve SP, which can be
mentioned in green technology innovation (GTI) and supply
chain learning (SCL). With the rapid development of the
economy, innovation has become a key element for
sustainable and healthy competitive development [5], and in
this regard, to develop sustainable practices and pay attention
to issues such as greenhouse gas emissions, energy efficiency
and waste reduction, companies should focus on
technological innovations [6]. The innovative activities of
technology in the traditional form have indeed produced
many material improvements, but also caused a lot of
environmental damage, which is why even with the high
costs of implementation and training of employees, green
technology innovation replaces the traditional approach to
improvement. It has become the SP of companies [7]. For
shareholders of manufacturing companies, it is attractive in
financing that GTI can improve the image, credit and
reputation of the companies. In addition to creating a
competitive advantage for companies, innovation in green
technology can also improve social welfare and

environmental sustainability in companies. In addition, GTI
reduces the emission of greenhouse gases, which leads to the
optimal use of renewable energy sources [8].

In addition, SMEs as forward-looking organizations are
of great importance due to their poor knowledge of their
supply chain and sustainable production processes, and to
compete at the national and global level, they need effective
supply chain management and must cooperate with all
members of the chain. Provide cooperation [9]. Today,
companies focus on achieving sustainable performance, apart
from competitive advantage, by collaborating with various
supply chain partners. Companies mainly work together to
improve individual and supply chain performance against
turbulent environments. Finally, the focus of the supply chain
performance has been extended to environmental and social
aspects in addition to the conventional economic aspect [10].
SCL shows the knowledge related to sustainability in the
learning process with the aim of social, environmental and
economic issues. This is essential for the successful
implementation of sustainability and performance among
supply chain members [11].

Masoudi and Shahin (2025) [8] and Masoudi and
Emamiyan (2025) [12], in their research concluded that GTI
has an impact on SP. Also, according to the research done by
Yang etal. (2023) [13] and Sun et al. (2023) [14], SCL affects
sustainability performance.

According to the review of the available literature, few
studies have specifically addressed the hypotheses of the
present research. It is also the first time that the impact of
innovation and learning on performance is studied
simultaneously. In addition, the current research has been
studied in a developing country, and environmental issues in
developing countries are more important than in developed
countries. Today, paying attention to environmental issues,
the quality of products and services, and sustainable
performance in organizations such as small and medium-
sized companies is considered one of the main characteristics
of any developing organization, which plays an important
role in the economic development of countries. Accordingly,
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the current research discusses the effect of GTI and SCL on
SP among SMEs.

In the subsequent sections of this study, we begin by
outlining the theoretical underpinnings that form the basis of
our research. Following this introduction, we will detail the
proposed model and the associated hypotheses guiding our
investigation. The methodology employed in this research
will then be thoroughly described. To validate the proposed
model, we conduct an empirical study, and based on the
findings derived from this analysis, we will engage in a
comprehensive discussion and draw conclusions.

2 LITERATURE REVIEW

In this section, we will review the research literature.
First, we will explain the concepts of sustainability
performance, GTI and SCL. Next, we will discuss the
relationship between GTI and SP and the relationship
between SCL and SP.

2.1 Sustainability Performance

The most well-known view about sustainability
performance refers to three economic (financial), social and
environmental aspects. Economic performance involves a
plan of production that meets current and future needs.
Economic performance shows the continued profitability and
financial survival of an organization whose measurement
depends on long-term operational value, cost-effectiveness,
output, return on investment and market value. Social
performance is concerned with the relationship between
social conditions such as deprivation and ecological
destruction, and the concept of social performance suggests
that the reduction of deprivation should entail neither
unjustified environmental destruction nor economic
instability. Its purpose is to reduce deprivation in the
dominant economic and environmentally compatible asset
base of humanity. Environmental performance requires
maintaining important environmental functions and
therefore, maintaining the capacity of capital stock to provide
those functions, in other words, the result of managing an
organization is defined from its environmental aspects [15].

The coordination of environmental, social and economic
goals to maximize values and growth in the long term in
providing business activities is called the function of
sustainability. For this reason, the efficient use of
environmental, social and economic resources for current use
and at the same time protection of current resources for future
generations is  called  sustainable  performance.
Environmental sustainability performance is a vital centre
among the dimensions of SP, which indicates the ability of a
company to reduce its environmental impact. The evaluation
of environmental performance includes a detailed
examination of operational effects on the environment to
reduce environmentally destructive activities. Economic SP
is a valid sustainable aspect among the sustainability
characteristics to increase the market values of companies. It
includes financial benefits and serves as an indicator of
financial stability and sustainable survival of a company.

Finally, social SP refers to diverse social factors such as
improving employee performance, health, safety and social
well-being, equal opportunities for advancement, and
support for humanitarian initiatives [8].

2.2 Green Technology Innovation

Innovation, as a fundamental source of competitive
advantage, has been considered in a wide range of studies,
and for this reason, agents also attach great importance to
innovation processes and consider it the basis for having a
good competitive position [16]. Braun and Wield (1994)
were the first to introduce the concept of GTI, which is
defined as technologies and processes that improve the
quality of the environment and reduce the use of raw
materials [5]. GTI, which aims to promote technological
innovation in green processes or products, has also been used
in pollution prevention, waste reduction, resource recycling
and other environmental management practices [17].

Green technology innovation consists of three
dimensions: product innovation, process innovation and end-
of-line management innovation. Green product innovation
refers to the creation of environmentally friendly products
using less, non-toxic resources and degradability. With this
type of innovation, the sustainability, durability and
recyclability of products can be increased. Green process
innovation improves the performance of manufacturing and
recycling processes. This type of innovation increases the
design and implementation of production processes that are
more suitable and sustainable for the natural environment.
End-of-line management innovation refers to the integration
of technological innovations that improve the efficiency of
the treatment of three wastes: wastewater, waste gas, and
waste residue. This type of technology contributes to the
development of sustainable products by reducing input
materials and energy requirements and increasing the life
cycle of products [12].

2.3 Supply Chain Learning

The concept of SCL originates from the theory of inter-
organizational learning. Bessant and Tsekouras in 2001 were
the first to use the supply chain as a knowledge-sharing
network [18]. SCL is an important process that is widely
accepted by manufacturing and service organizations as an
approach to business improvement through the collection and
exploitation of information and knowledge by suppliers and
customers [19]. To achieve sustainability, companies are
increasingly establishing collaborative relationships with
their supply chain partners. Supply chain literature shows
that over time, the focus of companies' performance in the
supply chain has progressed from economic aspects to
environmental and social aspects [11].

Supply chain learning consists of three dimensions:
supplier learning, customer learning and internal learning.
Supplier learning refers to the exchange of knowledge
between the company and suppliers. The company uses the
experiences of suppliers to improve products and adopt new
technologies, and monitoring systems are in place to
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effectively utilize this knowledge. Customer learning implies
that primary customers play a vital role in the SCL process.
Using the information and knowledge provided by
customers, the company improves product innovation,
develops new technologies, and creates effective monitoring
systems for optimal use of this knowledge. Internal learning
in the supply chain refers to the exchange of information and
knowledge between the internal units of the organization.
This process includes effective communication of product
information and innovation, learning from each other,
promoting the adoption of new technologies and evaluating
the application of product knowledge in different units,
which helps to improve the overall performance of the
organization [20].

2.4 The Influence of GTI on Sustainability Performance

Green technologies that affect energy become a leading
factor in reducing environmental problems caused by the
industrial revolution and effectively reduce carbon emissions
by more than 60%. Pollution monitoring, waste management
and clean technology are examples of GTI [21]. GTI refers
to the development of new technologies or the improvement
of existing technologies to minimize carbon production,
conserve existing resources, and reduce pollution for the
health of employees and the public. GTI refers to
technological advances aimed at reducing harmful
environmental impacts. For these reasons, researchers pay
much attention to GTI and its role in sustainable development
and competitive advantage [12].

Green technology innovation leads to rapid progress in
new systems and equipment to protect the environment and
natural resources, and as a result, improves the understanding
of stakeholders and managers and helps companies improve
economic output. Also, adopting this innovation reduces
production, operation and processing costs and ultimately
increases revenues and the overall economic performance of
the company. Green technology innovation as a transfer
mechanism enhances environmental performance through
the successful deployment of digital finance helps reduce
carbon emissions and improves renewable energy sources

[8].
2.5 The Influence of SCL on Sustainability Performance

SCL has been proposed as an important way to manage
inter-firm resources to achieve sustainability. Case findings
show that SCL by considering environmental, social and
economic aspects leads to better sustainability performance.
Pursuing sustainability requires acquiring and sharing new
knowledge about sustainability-related products, processes,
and initiatives [11].

Learning in the supply chain helps improve
environmental performance. Sustainable supply chain
management theory emphasizes the importance of learning
in responsible supply chain management, because this
process facilitates the exchange of environmental knowledge
between companies and suppliers and customers, and leads
to achieving sustainable supply chain configurations and

improving environmental performance. In particular,
information on environmentally friendly raw materials
provided by suppliers is essential for companies to make
responsible production decisions. Also, sharing information
such as inventory levels and sales data among supply chain
members can improve logistics efficiency and visibility and
contribute to the effective use of resources, which ultimately
leads to improved sustainability performance [14].

Green Product Green Process
Innovation Innovation

Green
Technology
Innovation

End-of-line
Management
Innevation

Economic
Performance
Environmental
Performance
Social
Performance

Sustainability
performance

Supply Chain
Learning

Customer Internal
Learning Learning

Figure 1 Research model

Supplier
Learning

Fig. 1 presents the conceptual framework of the study. In
this research, the independent variables identified are GTI
and SCL, while the dependent variable is sustainability
performance. Based on this, the hypotheses of this research
are as follows:

H1: GTI impact sustainability performance.
H2: SCL impact sustainability performance.

3 METHODOLOGY

In this section, we will discuss the tools used to measure
research variables and confirm the validity of its content. In
the following, we will discuss the statistical population of the
research, the method of data collection the sampling method
and the reason for its use.

3.1 Measurement Instrument

A survey instrument was employed to assess the research
variables. This questionnaire was divided into two sections.
The initial section gathered demographic details about the
participants, comprising three questions (Respondent's age,
Respondent's level of education and Duration of the
company). The subsequent section contained items pertinent
to the research variables, i.e. GTI, SCL and SP. For this part
of the questionnaire, 44 items were used. Also, the items
were measured on a five-point Likert scale from 1
(completely disagree) to 5 (completely agree). The following
studies have been used to measure the research variables.

Green technology innovation: For the GTI variable, we
used the Wang et al. (2022) [22] research. This research
measures GTI with 15 items and includes 3 dimensions:
green product innovation (5 items), green process innovation
(5 items), and end-of-line management innovation (5 items).
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Supply chain learning: For the SCL variable, we used the
Huo et al. (2021) [20] research. This research measures SCL
with 15 items and includes 3 dimensions: supplier learning
(5 items), customer learning (5 items) and internal learning
(5 items).

Sustainability performance: For the SP variable from the
research of Yang et al. (2023) [13] we used. This research
measures SP with 14 items and includes 3 dimensions of
economic  performance (5 items), environmental
performance (5 items) and social performance (4 items).

3.2 Sample Size and Data Analysis Approach

The statistical population of this research consists of
quality managers of small and medium companies in
Mobarakeh Industrial City. Data collection was conducted
using a straightforward random sampling technique during
the winter season of 2024. For this purpose, the list of
companies was used for simple random sampling. This
industrial townhouses more than 500 active small and
medium companies. To establish the necessary sample size
for PLS-SEM, we utilized G*Power software to conduct a
power analysis based on the model configurations [23]. In
this research, 130 data (quality managers of small and
medium-sized enterprises) to achieve an 80% power level
and identify R? values of no less than 0.1 while maintaining
a 5% error margin, G*Power software was utilized to
determine the required sample size. For this purpose, 15%
more, i.e. 150 questionnaires were distributed among the
companies, after collecting them and removing the
questionnaires with incomplete information, the rest of the
questionnaires were used for analysis. Also, the
questionnaires were distributed to the respondents in person
and reminders were made by telephone to increase the
response rate. In addition, two expert academicians and two
senior experts from the companies reviewed the survey items
and the content validity of the questionnaire was confirmed.

The Kolmogorov-Smirnov (K-S) test indicated that the
distribution of the constructs was not normal at a significance
level of p = 0.05, which was attributed to the limited sample
size (n = 130). Consequently, PLS-SEM was employed for
data analysis [24]. In this paper, SEM was used because,
according to Byrne (2013) [25], confirmatory factor analysis
(CFA) is used to examine the theoretical and conceptual
dimensions of visible and hidden scales in complex models.
Causal inference is due to the nature of accessing and
correcting the measurement errors observed in the detailed
analysis, and for this reason, in the present study, PLS-SEM
was used in the hypothesis analysis.

4 RESULTS

These results were obtained in the analysis of
demographic variables. In terms of the duration of company
activity, 46.93% of companies with more than 15 years of
activity, equivalent to 61 companies, had the highest
frequency, and 10.77% of companies, equivalent to 14
companies with less than 5 years of activity, had the lowest
frequency. In terms of age, most of the respondents were

between 41 and 50 years old with a frequency of 44.61%,
equivalent to 58 people, and managers less than 30 years old
with 13.08%, equivalent to 17 people, had the lowest
frequency. In terms of educational level, most of the
respondents with a bachelor's degree with a frequency of
48.46%, equivalent to 63 people, and those with a higher
degree than a bachelor's degree with 20%, equivalent to 20
people, had the lowest frequency in the statistical sample.

Table 1 Measurement Model

Construct Label Factor C-a CR AVE
Green product GPtI1 0.851 0.904 0.929 0.722
innovation GPtI2 0.845
GPtI3 0.884
GPtl4 0.849
GPtI5S 0.818
Green process GPsl1 0.838 0.871 0.906 0.661
innovation GPsI2 0.866
GPsI3 0.876
GPsl4 0.724
GPsl5 0.749
End-of-line EMI1 0.786 0.879 0.911 0.673
management EM12 0.765
innovation EMI3 0.775
EMI4 0.788
EMIS 0.865
Supplier learning SL1 0.825 0.856 0.897 0.635
SL2 0.842
SL3 0.845
SL4 0.795
SL5 0.793
Customer CL1 0.829 0.854 0.896 0.633
learning CL2 0.846
CL3 0.768
CL4 0.770
CLS5 0.761
Internal learning IL1 0.786 0.808 0.867 0.566
1L2 0.719
1L3 0.731
L4 0.783
ILS 0.741
Economic EcP1 0.830 0.853 0.895 0.631
performance EcP2 0.738
EcP3 0.771
EcP4 0.769
EcP5 0.857
Environmental EnP1 0.753
performance EnP2 0.737
EnP3 0.793 0.840 0.887 0.611
EnP4 0.787
EnP5 0.832
Social SP1 0.827 0.817 0.879 0.645
performance SP2 0.785
SP3 0.836
SP4 0.762

Regarding the research variables, Chin (2010) outlines
that the analysis of studies using Partial Least Squares (PLS)
involves two main stages: first, the assessment of the
measurement model (external) and the evaluation of the
structural model (internal); second, conducting tests on the
measurement model. These tests are essential for verifying
both the reliability and validity of the constructs involved
[26]. As demonstrated in Tab. 1, all factor loadings for the
constructs exceed the threshold of 0.7, thereby confirming
the validity of the proposed model. This suggests that the
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model is robust and adequately represents the underlying
theoretical framework [27].

To assess the reliability of the external model, we
utilized Cronbach's alpha (C-a), composite reliability (CR),
and average variance extracted (4VE). As illustrated in Table
1, both C-a and CR exceed the threshold of 0.7, indicating
that the reliability of the variables is established.
Additionally, the AVE for all constructs was found to be
greater than 0.5, further confirming their reliability [24].
Furthermore, the composite reliability is confirmed as the
value of CR exceeds that of AVE [28]. The results pertaining
to discriminant validity are presented in Tables 2 and 3.
According to Table 2, the square root of the AVE for each
variable surpasses its correlations with other variables,
indicating compliance with the standards set forth by Fornell
and Larcker (1981) [29]. Additionally, Table 3 reveals that
the HTMT ratios are below 0.9, thereby confirming the
establishment of discriminant validity [30].

Table 2 Fornell and Larcker coefficients
SP EcP | EnP | GPsl | GPtl | EMI | SL IL CL
SP |0.803
EcP |0.356]0.794
EnP |0.3100.709 | 0.781
GPsl|0.3000.337]0.365| 0.813
GPtl | 0.5590.39410.359]0.292 | 0.850
EMI |0.599 | 0.498 | 0.471 [ 0.310 | 0.466 | 0.820
SL [0.349(0.726 | 0.513 | 0.271 | 0.346 | 0.409 | 0.797
IL |0.34710.5980.652|0.237 | 0.277 | 0.454 | 0.599 | 0.752
CL |0.2970.605]0.519|0.291 | 0.443 | 0.403 | 0.684 | 0.735] 0.795

Table 3 HTMT criterion
SP | EcP | EnP | GPsI | GPt | EMI | SL IL | CL

SP
EcP | 0.418
EnP | 0.367 | 0.835
GPsl | 0.360 | 0.390 | 0.426
GPtl | 0.640 | 0.446 | 0.409 [ 0.316
EMI [ 0.705 ] 0.575 | 0.544 | 0.340 | 0.504
SL 10411 0.848 | 0.604 | 0.318 | 0.397 | 0.471
IL 10.430(0.718 ] 0.797 | 0.292 | 0.328 | 0.538 | 0.713
CL |0.350]0.704 ] 0.614 | 0.332 ] 0.389 | 0.460 | 0.793 | 0.819

In analyzing the structural framework of the research, a
detailed three-phase approach was utilized. This approach
involved measuring the R? value, assessing the quality of the
(0% model, and evaluating the significance of the path
coefficients present in the structural framework [31]. The
findings from this analysis are presented in Tabs. 4 and 5, as
well as Figs. 2 and 3, providing a clear overview of the
model's performance and the relationships between variables.
This systematic approach ensures a thorough understanding
of how well the model fits the data and its predictive
capabilities.

Table 4 R?, cross validity redundancy and communality

Variables R? Redundancy Communality
index index
Sustainability 0.679 0,252 0315
performance
— —
GOF =NAVE-R =0.661 (1)

Green Process
Innovation

0.648

Green Product End-of-line
Innovation  0.805 0806 Management
Innovation

[+]
0816

0.903 Economic
0416 Performance

Green
Technology 0.881
Innovation

Sustainability 0.592 Environmental
Performance Performance

0865 Supply Chain 0871

Learhing
[+] 0.916 Social
0.748 Performance

[+]
Supplier 0.839 Internal
Learning Learning

Customer
Learning

Figure 2 Path coefficient result

Green Process
Innovation
7.692
Green Product End-of-line

Innovation  20.075 21.379 Management
Innovation

37,644 Economic

6482 Performance

Green

Technology 28,284
Innovation

Environmental
Performance

Social
Performance
Supplier Internal
Learning Learning

Customer
Learning

Figure 3 Z-value significant coefficients

Sustainability 6.111
Performance

Based on the thresholds of 0.25, 0.50, and 0.75, which
represent low, medium, and high levels, the R?> value
indicating sustainability performance approached a high
level [32]. Similarly, using the thresholds of 0.02, 0.15, and
0.35 for the redundancy index in the structural model of
sustainability performance, it was found to be medium to
high [23]. Furthermore, the communality index for
sustainability performance also fell within the medium to
high range. Lastly, employing the goodness of fit (GOF) test
as outlined by Tenenhaus et al. (2005) and following Eq. (1),
the overall research model was assessed. The resulting value
of 0.661 indicated that the overall quality of the research
model was high [33].
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Also, In the evaluation of the structural model, the results
indicate a good fit of the model with the data. The RMSEA
is 0.06, which suggests an acceptable model fit. Additionally,
the CFI is reported at 0.93 and the TLI is also 0.93, both of
which are above the accepted thresholds for a good fit. These
results demonstrate that the proposed model effectively
explains the relationships among the variables and is
statistically valid [34].

In conclusion, the analysis of the structural model
involved utilizing path coefficient testing alongside the
bootstrap method to evaluate the strength of the connections
among the research hypotheses. As illustrated in Fig. 3 and
Tab. 5, it is evident that both GTI and SCL influence
sustainability performance.

Table 5 Hypotheses testing results

. Path ..
Hypothesis coefficient SE t-value | p-value | Decision
GTI — SP 0.416 0.064 6.482 0.000 | Supported
SCL — SP 0.530 0.060 8.882 0.000 | Supported

As shown in Tab. 5, GTI has an effect of 0.416 (¢-value
= 6.482) on sustainability performance. Also, SCI has an
effect of 0.530 (#-value = 8.882) on sustainability
performance. The findings of this research hold significant
practical implications for SMEs, as they indicate that
investing in GTI and enhancing SCL can contribute to the
improvement of their SP. In light of increasing social and
environmental pressures, these companies can not only
mitigate their negative environmental impacts by adopting
these approaches but also gain a competitive advantage.
These results can guide managers in designing effective
strategies to achieve their sustainability objectives.

5 DISCUSSION

This part offers the examination and explanation of the
research results, using a systematic method [34]. In recent
years, the concepts of GTI and SCL have been linked with
economic ideology, and a key result of GTI and SCL is
sustainable performance. Utilizing GTI and SCL within both
manufacturing and service sectors enables organizations to
concentrate on their intended market, optimize their material
and human resources, and enhance their competitive standing
in the industry. However, due to the small sample size of the
current research, which includes 130 small and medium-
sized companies and is limited to only one industrial town in
Iran, caution should be exercised in generalizing the findings
to other fields. For example, it can be examined from
different points of view: 1) Cultural and economic
characteristics: Every country or region has its own cultural,
economic and social characteristics that can affect the
acceptance and implementation of GTI and SCL concepts.
For example, small and medium enterprises (SMEs) in
developed countries may have better infrastructure and
financial resources to implement these concepts. 2) Diversity
in industry: Different industries may have different needs.
For example, companies in the IT sector may use GTI and
SCL more than companies in the manufacturing or service

industries. 3) Resource limitations: Small and medium
enterprises in developing countries may face more
limitations in human and financial resources, which can
affect their ability to implement the desired concepts. 4)
Local laws and regulations: Local laws and regulations can
affect how companies operate. For example, environmental
requirements in one country may be much stricter or easier
than in another.

The present research was conducted on SMEs in
Mobarakeh Industrial Town in Iran. For this purpose, a
questionnaire was used in data collection. The quality
managers of these companies were responsible. According to
Tab. 5, in the first hypothesis of the research regarding the
effect of GTI on SP, considering that its t-value is 6.058,
which is outside the range (—1.96, 1.96), the p-value is less
than 0.05, and the intensity of the effect 0.416 shows the
positive and significant effect of GTI on SP. In the second
hypothesis of the research about the effect of SCL on SP,
considering that its z-value is 9.021, which is outside the
range (—1.96, 1.96) the p-value is less than 0.05, and the
intensity of the effect is 0.530. It shows the positive and
significant effect of SCL on sustainability performance.

5.1 Theoretical Implications

About the importance of SMEs in environmental issues
and the impact of GTI and SCL on sustainable performance
in these companies, the results of this research have
important theoretical implications. The first research
hypothesis, the impact of GTI on sustainability performance,
was accepted with an impact rate of 0.416. The result of the
research with the research results of Masoudi and Shahin
(2025) [8] and Masoudi and Emamiyan (2025) [12] is
similar. The confirmation of this hypothesis shows that the
performance and survival of companies strongly depend on
their innovation, and one of the ways to achieve business
sustainability is to adapt to technological advances. The goal
of innovation is to create new technologies and features,
optimize the current process by integrating existing
technologies, and increase knowledge about the
interrelationship of processes and tasks, as well as about
adding values to current structures and processes. Growth
and development in green technologies increase
environmental innovations and consequently increase
environmental productivity. Specifically, GTI helps
companies find creative solutions to environmental,
economic, and social issues. From another perspective,
sustainable performance can be created when companies
develop innovative strategies. The company's innovation acts
as an internal driver in creating green capabilities. Eco-
innovation  enhances  brand  reputation,  attracts
environmentally conscious consumers, and creates new
market opportunities, resulting in long-term financial
benefits. In addition, the impact of clean technology on
sustainable performance cannot be ignored.

The second hypothesis of the research, the effect of SCL
on sustainability performance, was accepted with an effect
rate of 0.530. The results of the research with the results of
Yang et al. (2023) and Sun et al. (2023) is similar. The
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confirmation of this hypothesis shows that Learning enables
organizations to interact with the internal and external
environment. From this interaction, knowledge about the
changing environment, market and stakeholder demands is
created, acquired, shared, integrated and used to increase
organizational value. Learning provides an opportunity for
the organization to actively generate information relevant to
understanding and addressing the ever-changing economic,
social and environmental demands of stakeholders
simultaneously. The information obtained through learning
is used in the pursuit of strategies and policies that address
the demands of sustainability performance. SCL represents
the sustainability-related knowledge of a learning process
aimed at solving social, environmental and economic issues,
which is necessary for the successful implementation of
sustainability and performance among supply chain
members. SCL creates competitive advantages and leads to
improved sustainability performance of companies. Learning
the supply chain in the manufacturing industry also helps to
increase the company's long-term values and ultimately
sustainability — performance. Effective supply chain
management  encourages companies to adopt
environmentally friendly approaches along with economic
and social performance in sourcing, production and
distribution processes. By incorporating sustainable practices
into SCL, such as eco-design, green packaging, and
renewable energy sources, organizations can achieve cost
savings through reduced energy consumption, reduced
waste, and improved resource efficiency. Finally, it increases
the overall sustainability of their operations.

5.2 Managerial Implications

Enhancing Sustainability Performance in SMEs through
GTI and SCL. To strengthen sustainability performance in
SMEs through GTI and SCL, managers must implement a
comprehensive and strategic approach. This approach should
encompass four key pillars: 1) Development of a Green
Innovation Culture, 2) Strengthening Collaboration with
Suppliers, 3) Establishing Sustainable Performance
Evaluation Systems, and 4) Utilizing Digital Technologies.
1) Development of a Green Innovation Culture: Managers
should pay special attention to fostering an organizational
culture that promotes green innovations. This involves
encouraging employees to contribute creative ideas aimed at
reducing environmental impacts. To facilitate this,
organizing workshops and training sessions related to green
technologies can enhance employees' awareness and skills.
Additionally, establishing a reward system for innovative
ideas can provide further motivation for employee
participation. 2) Strengthening Collaboration with Suppliers:
Managers should focus on building close and effective
relationships with suppliers and supply chain partners. Such
collaboration may involve forming joint working groups to
exchange best practices and green technologies. For instance,
regular meetings can be held to share successful experiences
and discuss challenges and solutions. This type of
collaboration not only aids in improving environmental
performance but can also lead to cost reductions and

increased  efficiency. 3) Establishing  Sustainable
Performance Evaluation Systems: Managers need to develop
sustainable performance evaluation criteria that encompass
environmental, social, and economic indicators. These
criteria should be designed to enable the measurement of
progress and facilitate data-driven decision-making. For
example, utilizing performance management software can
assist in data collection and analysis, helping managers
identify strengths and weaknesses. 4) Utilizing Digital
Technologies: The adoption of digital technologies such as
the Internet of Things (IoT) and data analytics can contribute
to process optimization and waste reduction. Managers
should take the investment in these technologies seriously
and design implementation plans accordingly. For instance,
deploying smart sensors on production lines can help monitor
energy consumption and raw material usage, leading to cost
reductions and improved environmental performance.

6 CONCLUSION

The purpose of this article was to analyze the impact of
GTI and SCL on sustainability performance in SMEs. For
this purpose, first by collecting information on the theoretical
foundations and literature of the subject, library sources,
articles and scientific databases were used, and finally, the
results were discussed by testing the proposed model in
SMEs in Mobarakeh Industrial town in Iran. The findings
showed the effect of GTI on sustainability performance. The
effect of SCL on stability performance was also confirmed.
The results showed that SCL has a greater impact on stability
performance than GTI. In addition, the results showed that
green product innovation from GTI and customer learning
from SCL had the greatest impact on sustainability
performance. Green process innovation from GTI and
supplier learning from SCL had the least impact on
sustainability performance.

Among the advantages of the proposed model of the
current research, we can mention the comprehensiveness of
the examined variables and the novelty of the research topic
in the sense that the effect of GTI and SCL simultaneously
affects SP. Overall, it can be stated that the implementation
of GTI and SCL is essential for enhancing sustainability
outcomes in small and medium-sized enterprises (SMEs).
The sustainability of companies is critical to realizing an
organization's vision without compromising its market
advantage while meeting the needs of economic growth,
and environmental and social responsibilities. The transition
of an organization to a sustainable future should be realized
through the efforts and responsibility of executive directors,
stakeholders and employees.

While our initial discussion emphasized the benefits of
GTI and SCL, such as enhanced sustainability, improved
operational efficiency, and competitive advantage, we
acknowledge that there are inherent challenges and costs that
organizations may encounter during implementation. The
primary concern related to GTI is the increase in operational
costs, which can impose a significant financial burden on
SMEs. The initial investment in green technologies involves
purchasing advanced equipment, training personnel, and
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integrating these technologies into existing processes.
Although the long-term benefits and positive environmental
impacts of GTI are considerable, the short-term costs may
hinder organizations from adopting these initiatives.
Additionally, implementing SCL practices comes with
complex challenges. Transitioning to SCL may require
significant  adjustments in  supplier relationships,
transportation methods, and inventory management. For
instance, sourcing materials from environmentally friendly
suppliers can limit options and increase procurement costs.
Moreover, the need for transparency in the supply chain can
elevate administrative burdens and complexities associated
with ensuring supplier compliance with sustainability
standards. Resistance to change within organizations is
another challenge; employees and stakeholders accustomed
to traditional practices may be reluctant to embrace new
technologies or processes. This resistance can lead to a lack
of engagement or even active opposition, disrupting the
successful implementation of these initiatives. Therefore,
addressing this human factor and developing effective
strategies for change management, such as promoting a
sustainability culture and providing appropriate training, is
essential. Finally, organizations must pay attention to the
economic and regulatory context in which these innovations
are implemented, as market fluctuations and political
changes can significantly impact the success of their
sustainability efforts.

A significant constraint of this study is the limited
number of participants, which could hinder the ability to
apply the results more broadly. A limited number of
respondents can lead to statistical insignificance and may not
adequately represent the broader population of SMEs.
Additionally, the geographical focus on SMEs in Iran
introduces further constraints; the unique economic, cultural,
and regulatory contexts of this region may not reflect the
experiences of SMEs in other countries. Consequently,
caution should be exercised when extrapolating these
findings to different settings. Another significant limitation
is the reliance on self-reported data, which can introduce bias
due to subjective perceptions and potential inaccuracies in
responses. Self-reported measures are often influenced by
social desirability and personal biases, potentially skewing
the results. Furthermore, the timing of data collection during
the winter of 2024 may also limit the applicability of findings
to other periods, as external factors such as economic
conditions and seasonal variations can impact business
operations and attitudes toward innovation. Overall, these
limitations highlight the need for further research with larger,
more diverse samples and objective measures to validate and
expand upon the current findings. Furthermore, the
subsequent recommendations may be considered for
upcoming studies:

1) Future investigations could explore the influence of
various elements such as total quality management, hard
and soft quality management, green supply chain
management, green entrepreneurship and supply chain
agility on sustainability performance in manufacturing
and service organizations.

2) In future research, the effect of each dimension of GTI,
i.e. green product innovation, green process innovation
and end-of-line  management innovation, on
sustainability performance can be studied in three
hypotheses.

3) In future research, the impact of GTI on the dimensions
of  sustainability = performance, ie. economic
performance, social performance and environmental
performance, can be studied in three hypotheses.

4) The current research can be studied among companies
that are more related to green products and processes,
such as food manufacturing industries.
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Analysis of the Black and White Image Recording of the Converted RGB Photographic Image

Darija Cutié, Miroslav Mikota*, Maja Turéié

Abstract: A digital camera is generally used for digital recording of photographic images in the RGB system. When such a multicoloured photographic image is converted to black
and white using the standard Grayscale conversion in Adobe Photoshop, the colour information, expressed as R, G and B channel values, is lost. This paper analyses the
darkening caused by different conversions of the RGB record of a photographic image to a black and white image record. The conversions were performed on three photos, with
10 random colours separated for each photo before conversion. After conversion, the L parameter, which indicates the brightness value, was analysed. The changes in the L
parameter due to different methods of photo conversion from multicolour to black and white, such as desaturation, extraction of the R channel, extraction of the G channel and

extraction of the B channel, were also analysed.

Keywords: black and white image; Grayscale system; L parameter; photo conversion; RGB system

1 INTRODUCTION

The digital multicolour records of photographic images
are generally recorded in RGB colour spaces such as sSRGB
or Adobe RGB. The main purpose of the RGB colour system
is to reproduce the photograph on the screen [1-3]. The
photograph is then converted to black and white as this
allows the manipulation of the photograph to achieve a
sufficient range of tones to control blackness and emphasise
the contrast between light and dark tones [4, 5]. When
converting a photo from a multicolour to a black and white
system, certain details are lost and the display information is
reduced. This loss is caused by the reduction of the colour
range [6-8]. In the RGB system, the colours contain
parameters that determine the amount of red, green and blue
components for each RGB channel [9, 10]. When converting
an image from a multicolour to a black and white display with
a standard Grayscale conversion, the parameter L from the
L*a*b* system, which defines the brightness, remains the
same [11, 12].

To perform a more detailed analysis, the L parameter was
observed in other methods of conversion from a multicolour
to a black and white display (desaturation, extraction of the
R channel, extraction of the G channel and extraction of the
B channel) [13, 14]. Colours that have the same L parameter
in the RGB system are displayed in the same grey colour
when we convert the photograph to the standard Grayscale
system. The display information is lost because conversion
to a black and white system using the standard Grayscale
conversion causes the reduction of the RGB colour system.
In this paper with three different multicoloured photos, 10
colours were separated for each of these photos. The colours
were observed in different types of conversion to a black and
white display and the change in the parameter L after
conversion was analysed. Thus, a new parameter AL was
determined to monitor the difference and change in the
parameter L.

1.1 Conversion of a Photographic Image from a Multicolour
RGB System to a Black and White Image Record

There are several ways to convert a photographic image
from multicolour to black and white. The basic method of
converting the original multicolour image to a converted
black and white image is the standard Grayscale conversion,
in which the photo is transferred from the RGB system to the
Grayscale system. In this conversion mode, the brightness of
the grey colour is determined by the parameter L, which in
this case remains the same for the original and the converted
image [15].

Other conversions of photographic images from RGB
multicolour to black and white leave the images in the RGB
system. One of these is desaturation, i.e. reducing the colour
saturation to a minimum, which converts the image to black
and white. There are other possibilities such as separating the
red, green or blue channels of the image records, resulting in
a separate black and white representation.

1.2 Monitoring the L Parameter

The parameter L determines the darkening or brightness
of the grey colour in the black and white display. The L
parameter only remains the same for the standard Grayscale
conversion of the original multicolour image into a black and
white image. With the other methods mentioned for
converting multicolour images to black and white, the L
parameter is also changed for some, but not all colours. By
monitoring the parameter L, the optimal conversion method
for a photo can be determined depending on the subject of the
photo and the proportion of a particular colour in the RGB
system.

If we compare the L parameter of the original RGB
image record with the L parameter of the converted black and
white image records, the increase or decrease of the L
parameter can be expressed by AL.

Accordingly, AL can be expressed by the equation:

AL = Lrs — Lw (1
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Where Lrgs is a parameter that specifies the brightness
of an RGB multicolour image, and Lpw is a parameter that
specifies the brightness of a black and white image that has
been converted using one of the various conversions (1).
According to specific conversion Lgw can be shown as Lgs,
for standard Grayscale conversion to black and white, Lpgs
for conversion to black and white with desaturate tool, Lr.c
for conversion to black and white via extracting the red
channel, Lp.c for conversion to black and white via extracting
the blue channel or Lg.c for conversion to black and white via
extracting the green channel.

Lrgs and Lgs which is parameter of Grayscale standard
conversions have the same L parameter value as it is shown
in next equation:

Lrae = Las (2)

If the AL parameter is greater than 10 in different
conversions compared to Lrgs or Lgs, this difference is
noticeable and affects the contrast in different conversions.

2 EXPERIMENT PREPARATION
2.1 Colour Separation

For the experiment, three photographs were taken in
which the separation of randomly selected colours from the
recorded data set was performed, and the specified separated
colours were observed after conversion to a black and white
display. Figs. 1, 2 and 3 show randomly separated colours
from photographic images. Fig. 1 shows the first photo, in
which the main object is a portrait. The skin contains a
handful of red tones, which is why this subject was chosen.

#b4REET

; -~
Figure 1 First photography with ten separated colours

In Fig. 2 you can see how the sea was chosen as the main
object of the picture because it is rich in shades of grey and
blue. In Fig. 3, the main object in the photo is a human figure
in the greenery of the park, and this scene was chosen to
observe the photo, which is rich in blue tones.

*8o17d

#282818

Figure 3 Third photography with ten separated colours
2.2 Image Conversion to Black and White

All photos taken were converted to black and white using
five  different conversion methods: "Desaturate",
"Grayscale", "R-channel", "B-channel" and "G-channel".
The "Desaturate" method converts a multicoloured photo to
black and white by reducing the saturation of the entire photo
to zero, but leaving the photo in the RGB system. The
"Grayscale" method is a standard method for converting a
photo to black and white, in which the photo is converted
from the RGB system to the Grayscale display system. In the
"R-channel" method, the red channel is extracted while the
green and blue channels are switched off so that they are not
visible in the photo. The "G-channel" conversion method
extracts the green channel, which is the only one visible,
while switching off the display of the red and blue channels.
The last method for converting a multicolour image to black
and white is the "B-channel" method, in which we separate
the blue channel for the photographic capture of the image
and set it as the only visible channel, while switching off the
red and green channels in this capture.

Fig. 4 shows the conversion of the first photo to black
and white using five different conversion methods, while Fig.
5 shows the conversion of the second photo and Fig. 6 the
conversion of the third photo.
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Sl -R-kanal Slialn-G-karal Shai1-Bhanal

Figure 4 First photography converted to black and white with five different methods

Figure 5 Second photography converted to black and white with five different
methods

Shaaz-Original

Slka02-Desaturate

Shkifiz-Graryscale

Skalz-R-kansd SWa02-G-kanal Sika02-E-kanal

Figure 6 Third photography converted to black and white with five different
methods

3 RESULTS VALUES OF THE SEPARATED COLOURS
FROM CAPTURED PHOTOGRAPHS

The following tables show the values corresponding to
the separated colours. The values were measured using
Adobe Photoshop software. The red, green and blue
components in the RGB system and the L value are measured
for each colour.

After different types of conversion to black and white,
the L values were measured for each converted display in
order to compare them and analyse the changes.

Tab. 1 shows the measured values for the first five
separated colours of the first photo, while Tab. 2 shows the
other five separated colours of the first photo. Tab. 3 and Tab.
4 show the measured values for the ten separated colours
from the second photo. Tab. 5 and Tab. 6 show the measured
values for the separated colours of the third photo.

Table 1 Table values of first 5 separated colours from first photography

Photography 1 — first 5 separated colours

RGB colour code | #49271d | #b4866f | #333d34 | #3d4b28 | #4a887d
R 73 180 51 61 74

G 39 134 61 75 136

B 29 111 52 40 125
Lgrgs (RGB) 20 60 25 30 52
Lgs (Grayscale) 20 60 25 30 52
Lpgs (Desaturate) 21 60 24 24 44
Lg.c (R cannel) 40 79 30 35 41
Lg.c (G cannel) 23 64 34 41 65
Lg ¢ (B cannel) 17 56 30 24 61

Table 2 Table values of second 5 separated colours from first photography

Photography 1 — second 5 separated colours

RGB colour code | #d4aa%94 | #914f51 | #9d9789 | #6a625f | #d2624a

R 212 145 157 106 210
G 170 79 151 98 98
B 148 81 137 95 74
Lrea (RGB) 73 42 63 42 56
Lgs (Grayscale) 73 42 63 42 56
Lpgs (Desaturate) 73 47 61 42 59
Lg.c (R cannel) 88 68 71 54 88
Lc.c (G cannel) 76 43 70 51 50
Lg.c (B cannel) 68 44 65 50 40

Table 3 Table values of first 5 separated colours from second photography

Photography 2 — first 5 separated colours

RGB colour code | #73abed | #3c2e2b | #525e4a | #c0a9a3 | #3a5280

R 115 60 82 192 58
G 171 46 94 169 82
B 228 43 74 163 128
Lrcs (RGB) 68 20 38 71 35
Lgs (Grayscale) 68 20 38 71 35
Lpgs (Desaturate) 70 21 36 72 39
Lg.c (R cannel) 57 34 44 82 33
Li.c (G cannel) 76 27 49 75 44
Lg.c (B cannel) 93 25 41 74 62

Table 4 Table values of second 5 separated colours from second photography

Photography 2 — second 5 separated colours

RGB colour code | #9ecSe2 | #857671 | #1e2e0a | #5a4b44 | #272935
R 158 133 30 90 39
G 197 118 46 75 41
B 226 113 10 68 53
Liss (RGB) 77 51 17 33 17
Lgs (Grayscale) 77 51 17 33 17
Lpgs (Desaturate) 78 52 10 34 19
Lr.c (R cannel) 72 64 18 47 23
Lg.c (G cannel) 84 58 27 41 24
Lp.c (B cannel) 92 56 3 38 31

#1e2ela #272935

#352¢25 #283112

#49271d #3c2e2b

914151 #Ga625f Los=42
| -
#73abes  #b1a28f Lgs=68
9
#d4aa94 #d8a995 Lgs=73
Figure 7 Results of RGB conversion to black and white with the emphasized value
of the L Grayscale parameter (Lgs)
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Table 5 Table values of first 5 separated colours from third photography
Photography 3 — first 5 separated colours

RGB colour code | #352¢25 | #283112 | #8c917d | #252al6 | #4e632b
R 53 40 140 37 78
G 44 49 145 42 99
B 37 18 125 22 43
Lras (RGB) 19 19 59 16 39
Lgs (Grayscale) 19 19 59 16 39
Lpgs (Desaturate) 18 13 56 12 30
Lg.c (R cannel) 31 24 66 22 42
Lq.c (G cannel) 26 29 68 25 51
Lg.c (B cannel) 22 9 61 12 25

Table 6 Table values of second 5 separated colours from third photography
Photography 3 — first 5 separated colours

RGB colour code | #70724d | #b1a28f | #301814 | #355f5d | #d8a995
R 112 177 48 53 216
G 114 162 24 95 169
B 77 143 20 93 149
Lras (RGB) 47 68 12 37 73
Lgs (Grayscale) 47 68 12 37 73
Lpgs (Desaturate) 40 66 13 31 74
Lg.c (R cannel) 56 78 28 31 89
L.c (G cannel) 57 73 14 49 75
Lg.c (B cannel) 42 67 11 49 69
4 DISCUSSION

In all tables, the values where the AL parameter exceeds
the value of 10 are marked with orange text.

Tab. 1 and Tab. 2 refer to the first photograph which
contains many red tones due to the portrait photography. The
deviation of the L parameter becomes visible exactly when
the image is converted to black and white by extracting the R
channel (red channel). In Fig. 1 we can see the colours that
were separated, namely the first (#49271d), second
(#b4866f), sixth (#d4aa94), seventh (#914f51), ninth
(#6a625f) and tenth (#d2624a) colour. If we look at the
separate colours listed in Fig. 1, we can see that they all
contain a certain amount of red colour, i.e. if we look at the
R value in the listed tables, it is higher than the G and B value
in the table for all colours.

Also, the increased values of the L parameter in Tab. 1
for the fourth (#3d4b28) and fifth (#4a887d) separated
colours containing green show that the value of the L
parameter increases exactly when the image is converted to
black and white using the G-channel (green channel)
extraction method. If we look at the G value in Tab. 1 for
these colours, we see that it is higher compared to their R and
B values in the original photographic record, which means
that they contain mainly green colours in their composition.

In the case of the third (#333d34) and eighth colours
(#9d9789), there was no significant change in the L value in
the different conversions of the image to black and white, and
when the R, G and B values of these colours are examined in
Tab. 1 and Tab. 2, it can be concluded that neither colour
dominates over the others, so it is assumed that there was
therefore no significant change in the L parameter.

In Tab. 3 and Tab. 4, we can analyse the increase in the
L value for the separated colours of the second photography,
which contains many shades of blue. We can see the increase
in the L parameter in Tab. 3 for the first (#73abe4) and fifth

colour (#3a5280) and in Tab. 4 for the sixth (#9ec5e2) and
tenth colour (#272935). All the colours listed have a more
dominant B value compared to the R and G values of the
original photographic record, as can be seen in Tab. 3 and
Tab. 4, confirming that they have mainly blue colours in their
composition. Similarly, the L value is significantly higher
when the image is converted to black and white using the B
channel (blue channel) extraction method.

In Tab. 3, the second (#3c2e2b) and fourth colours
(#c0a9a3) and in Tab. 4, the seventh (#857671) and ninth
colours (#5a4b44) show an increase in the L parameter when
they are converted from a multicolour to a black and white
image using the R-channel extraction method. If we check
the amount of R colour in Tab. 3 and Tab. 4, we can see that
the R value of these colours is higher than the G and B values
of the original photographic record of the image.

In Tab. 3, the third colour (#525e4a) has an increased L-
parameter when the image is converted from multicolour to
black and white using the G-channel extraction method.
Looking at the original record of the image of this colour in
Tab. 3, we can see that the G value is higher compared to the
R and B values of the colour.

Tab. 4 shows that the eighth colour (#1e2e0a), when
converted from a multicolour to a black and white image
using the B-channel extraction conversion method, has an L-
value up to five times lower than the L-value of the original
photographic image record.

If we look at the R, G and B values of the original record
in Tab. 4, we see that the B value is three times smaller than
the R value and four times smaller than the G value.

In Tab. 5 and Tab. 6 we can analyse the behaviour of the
L values for the colours separated from the third photo. The
separated colours can be seen in Fig. 3 and are mainly
dominated by a green tone. It is interesting to see that only
the fifth colour (#4e¢632b) in Tab. 5 shows an increase in the
L parameter when a multicolour image is converted to black
and white using the G-channel extraction method. If we
examine the R, G and B values of the original image record
for the given colour, we can see that the G value is the
highest.

In Tab. 6, for the ninth colour (#355f5d), we see an
increase in the L parameter when converting a multicolour
image to black and white using the G-channel extraction
method and the B-channel extraction method. If we examine
the R, G and B values of the original image record for the
given colour, we can see that the G and B values are very
similar, and almost double compared to the R value.

In Tab. 5, the first colour (#352¢25) and in Tab. 6, the
eighth colour (#301814) and the tenth colour (#d8a995) show
a visible increase in the L parameter when they are converted
from a multicolour image to black and white using the R-
channel extraction method. When we examine the R, G and
B values in Tab. 5 and Tab. 6 for the original image record
for the specified colours, we can see that the R value is higher
compared to the G and B values.

In Tab. 5, when converting an image from a multicolour
to a black and white record using the B-channel extraction
method, the second colour (#283112) and the fifth colour
(#4e632b) have an L-parameter twice as large as the original
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multicolour image record. If we examine the R, G and B
values of the colours listed in Tab. 5 in the original image
record, we can see that the B value is up to two times smaller
compared to the R and G values.

It is interesting to examine the behaviour of the L
parameter in the standard Grayscale conversion of a
multicolour image to black and white, as Fig. 7 shows that in
these 30 separate colours, 6 colour pairs were converted to
the same grey colour. The colour space that is showed on Fig.
7 before conversion is RGB colour space and on the right-
side Fig. 7 shows converted Grayscale colour space and the
brightness parameter Lgs. We follow the Lrgs and Lgs
parameters, which are the same, so that certain colours that
are visually different in the RGB system become the same
grey colour in the standard Grayscale conversion to black and
white due to the same L parameter.

The RGB colours #1e2e0a and #272935 have the same
shade of grey with the Lgs value 17 when converted to black
and white using the standard Grayscale conversion. The RGB
colours #352¢25 and #283112 become the same grey colour
with the Lgs value 19 when converted to black and white with
the standard Grayscale conversion.

The RGB colours #49271d and #3c2e2b become the
same grey colour with the Lgs value 20 when converted to
black and white with the standard Grayscale conversion. The
RGB colours #914f51 and #6q625f become the same grey
colour with an Lgs value of 42 when converted to black and
white using the standard Grayscale conversion.

The RGB colours #73abe4 and #bla28f become the
same grey colour with an Lgs value of 68 when converted to
black and white using the standard Grayscale conversion.
The RGB colours #d4aa94 and #d8a995 become the same
grey colour with an Lgs value of 73 when converted to black
and white using the standard Grayscale conversion.

For the colours indicated in Fig. 7, the tables show at
which conversion to black and white AL exceeds the value of
10. Using these conversions would reduce the loss of contrast
when converting to black and white.

Tab. 1 shows for the colour in RGB #49271d that the
conversion to black and white by extracting the red channel
is the one with AL greater than 10, since the Lrgs value is 20
and the Lgr-c value is 40.

In Tab. 2, it can be seen for the colour RGB #914f51 that
the conversion to black and white by extracting the red
channel is the one with AL greater than 10, since the Lrgs
value is 42 and the Lr.c value is 68. In the same table, it can
be seen that for the colour in RGB #6a625f, the conversion
to black and white by extracting the red channel is the one
with AL greater than 10 because the Lrgg value is 42 and the
Lr.c value is 54. Tab. 2 also shows that for the colour RGB
#d4aa94, the conversion to black and white by extracting the
red channel is the one with AL greater than 10 because the
Lrgs value is 73 and the Lr.c value is 88.

In Tab. 3, for the colour in RGB #3c2e2b, it can be seen
that the conversion to black and white by extracting the red
channel is the one with AL greater than 10, since the Lrgs
value is 20 and the Lr.c value is 34. In the same table, it can
be seen for the colour in RGB #73abe4 that the conversion to
black and white by extracting the blue channel is the one with

AL greater than 10 because the Lrggs value is 68 and the Lg.c
value is 93.

Tab. 4 shows for the colour in RGB #le2e0a that the
conversion to black and white by extracting the blue channel
is the one with AL greater than 10 because the Lrgp value is
17 and the Lg.c value is 3. In the same table, it can be seen
for the colour in RGB #272935 that the conversion to black
and white by extracting the blue channel is that with AL
greater than 10 because the Lrgs value is 17 and the Lg.c
value is 31.

Tab. 5 shows for the colour RGB #352c25 that the
conversion to black and white by extracting the red channel
is the one with AL greater than 10, since the Lrgs value is 19
and the Lr.c value is 31. It can also be seen in Tab. 5 for the
colour in RGB #283112 that the conversion to black and
white by extracting the blue channel is the one with AL equal
to 10 because the Lrgs value is 19 and the Lg ¢ value is 9,
which is closest to the desired AL for this colour deviation.

In Tab. 6, for the colour in RGB #b1a28f, it can be seen
that the conversion to black and white by extracting the red
channel is the one where AL is equal to 10, since the Lrgs
value is 68 and the Lr.c value is 78. In the same table, it can
be seen for the colour RGB #d8a995 that the conversion to
black and white by extracting the red channel is the one
where AL is greater than 10 because the Lrgs value is 73 and
the Lr.c value is 89.

Considering the above, it would be optimal for
photographs such as the first captured photograph shown in
Fig. 1, which contain many red tones, to be converted to
black and white using the red channel extraction method in
order to increase the contrast and obtain the widest possible
tonal range in the converted black and white display.

Photographs such as the second captured photograph
shown in Fig. 2, which contain many blue tones, should be
converted to black and white using blue channel extraction.

Photographs that contain many green tones, such as the
third captured photograph shown in Fig. 3, can be optimally
converted to black and white by also extracting the red
channel in order to obtain a contrast that corresponds to that
of the original captured record.

5 CONCLUSION

Records of digital photography captured in the RGB
system can be converted to black and white in various ways.
One of the most commonly used methods for converting to
black and white is the standard Grayscale conversion in
Adobe Photoshop. As can be seen from the research
conducted, the Lrgp value, which represents the L parameter
for brightness in the RGB colour system, is equal to the Lgs
value, which represents the L parameter of the converted
standard Grayscale record. This confirms that in the standard
Grayscale image conversion, the colour system is greatly
reduced because some colours that are visually different in
the RGB system become the same shade of grey in the
converted standard Grayscale display because the Lrgs and
Lgs parameters are the same.

Monitoring the L parameter in other conversions of
multicolour digital photos to black and white, this research
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has shown that other methods of converting multicolour
photos to black and white are more suitable than the standard
Grayscale conversion if there are certain subjects in the photo
that are shown by a predominant amount of one of the
primary colours of the RGB system. The AL value, which
must be greater than 10, can be used to determine which
conversion is optimal for certain photos.

For photos that contain a lot of red tones in the RGB
system, such as photos of human portraits or nudes, it is
optimal to convert them from a multicolour system to black
and white using the red channel extraction method. The Lg.c
parameter fulfils the condition that AL is greater than 10
compared to the Lrgs parameter.

For photos whose subject is the sea, for example, and
which contain many blue tones, the optimum conversion
from the multicolour RGB system to black and white would
be the method of extracting the blue channel, as the Lgp.c
parameter fulfils the condition that AL is greater than 10
compared to the Lrgs parameter.

Photos of nature taken in the RGB colour system contain
a large amount of green tones. It is optimal to convert them
to black and white by extracting the red channel, because AL
is greater than 10 when we compare the Lr.c and Lrgs
parameters.

By using the optimal conversion method of different
subjects with different predominant primary colours in the
RGB system, the loss of contrast and colour space in the
converted black and white system would be reduced, leaving
the converted black and white record more similar to the
original multicolour photographic record.
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Determination of Thermal Characteristics of Fe-C Cast Iron Using Hot Disk Method

Dalibor Vidersgak*, Zdravko Schauperl, Sanja Soli¢, Bojan Milovanovié, lvan Stankovi¢, Mario Sercer

Abstract: This paper explores the influence of graphite shape, type, and dimensions on the thermal characteristics of Fe-C cast iron. Test samples were prepared from blocks of
grey and nodular cast iron, specifically examining castings with D and A types of graphite as well as nodular graphite in a ferrite matrix. To analyze the effect of surface texture,
sample surfaces were prepared with varying parameters of surface roughness, achieving values of 0.5 um for polished and 12.6 ym for unpolished surfaces. Thermal
characteristics, including thermal conductivity and effusivity, were evaluated using unsteady hot disk methods, with water as the contact agent, to simulate practical thermal
conditions. Additionally, the microstructure of each sample was analyzed using optical microscopy. Results indicate that graphite content, type, shape, and surface roughness
collectively have the most significant impact on the thermal properties of cast iron. This study’s findings provide valuable insights into optimizing cast iron for applications requiring
efficient thermal management and highlight the importance of graphite morphology and surface finish in enhancing thermal performance.

Keywords: graphite; grey cast iron; hot disk method; nodular cast iron; thermal conductivity; thermal effusivity

1 INTRODUCTION

According to recent data, the global production of grey
cast iron reached approximately 31 million tons in 2023, and
it is projected to increase to 41 million tons by 2034, with an
average annual growth rate (CAGR) of 2,5%. This growth is
attributed to its extensive use in the automotive, construction,
and industrial consumer goods sectors [1].

Regarding nodular (ductile) cast iron, global production
continues to expand due to its widespread application in
industries such as automotive and heavy machinery [1, 2]. In
Europe, for example, in 2021, nodular cast iron accounted for
approximately 43.5% of the total production of ferrous
castings, while grey cast iron represented 49.3% (CAEF -
The European Foundry Association and Future Market
Insights). These figures indicate a continuous increase in the
production of both types of cast iron, underscoring their
critical roles in various industrial sectors and infrastructure
projects [3, 4].

Thermal and mechanical properties of Fe-C cast iron
primarily depend on its structure, concretely amount and the
form of graphite [5]. The quantity of extracted graphite
within the matrix of Fe-C cast iron directly depends on the
equivalent of graphite (CE): CE = %C + 1/3 x (%Si + %P)
[4]. This indicates that the higher value of the coefficient of
CE generally results in a higher amount of extracted graphite.
At the same time, there will be an increase of values of
thermal characteristics, while a decrease of values of
mechanical characteristics [6, 7]. Besides chemical
composition, type of extracted graphite mostly depends on
the method of cast iron production [8]. Based on the reasons
above ASTM suggests a standard for the classification of
graphite according to ASTM A247-47 and 67 and upgrades
it to the International Standards Organization ISO
Recommendation 9, according to which graphite differs
according to its shape, size and layout of graphite structure
[9-11]. Because there are many kinds of grey and nodular
casts iron which differ chemically, by phases in the matrix
(ferrite, perlite, bainit, cementit etc.) and their quantity
content, according to the shape and dimensions of graphite,

and likewise, it is important to note that there are no standard
samples of Fe-C cast iron [4]. For this reason, this paper
shows the results of the characterization according to the
structure, chemical composition and thermal characteristics
of these types of cast iron, as well as a comparison of the
thermal characteristics of the sample, depending on the
roughness of the surface tested by the hot disk method [4, §].

Recent studies have emphasized the importance of these
thermal and mechanical properties in various high-stress
applications, such as brake components, which are subject to
significant thermal loads. Dubale’s (2019) doctoral research,
for instance, analyzed the thermo-mechanical behavior of
disc brake rotors, highlighting the critical role of thermal
conductivity and structural resilience in components exposed
to friction-induced heating. Similarly [12] Venugopal et al.
(2023) examined grey cast iron under electrical discharge
machining (EDM) processes, emphasizing the relationship
between thermal management and wear resistance in high-
temperature environments. These findings underscore the
need to accurately characterize cast iron’s thermal properties
to predict its behavior in thermally demanding applications.

Moreover, the tribological properties of Fe-C cast iron
also play a significant role in component durability, as
highlighted by [13] Skuli¢ & Bukvi¢ (2016), who studied the
impact of surface roughness on piston-cylinder sets in
internal combustion engines. Their findings demonstrate how
surface roughness and graphite morphology influence both
thermal conductivity and wear resistance in mechanical
assemblies. This underscores the necessity of assessing
thermal behavior in cast iron with varying graphite shapes
and roughness levels to optimize material performance in
practical applications.

Pretested samples of grey cast iron containing A and D
type flake (lamellar) graphite in a ferritic matrix showed that
they give cast iron a fragile structure of low ductility,
relatively low tensile strength and high compressive strength
and relatively high thermal conductivity. In pretested
samples of nodular cast iron containing graphite in the form
of nodules in a ferrite matrix it is shown that they give cast
iron a relatively tough structure with good mechanical
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characteristics and lower thermal conductivity compared to
the grey cast iron with type A and D graphite [11, 14-16]. It
is important to note that preliminary tests show that reducing
the amount of graphite in grey cast iron increases the tensile
strength and fatigue strength, respectively the values of
mechanical properties [5, 15], while the values of thermal
characteristics decrease [18].

Grey and nodular graphite iron are primarily used in at
manufacture of brake discs, heating plates on ovens, molds
for casting glass, gears, motor shafts, cover sliding bearings,
pump impellers, pistons and gear motors, etc. [2, 12]. As
most of these elements in practice are extremely thermally
loaded, it is important to know the thermal conductivity of
grey and nodular cast iron castings to be able to predict the
thermodynamic processes in the machine elements [10, 17].

Given the diverse types of grey and nodular cast iron,
each with unique chemical compositions, matrix phases (e.g.,
ferrite, pearlite, bainite), and graphite configurations, this
study aims to provide a comprehensive characterization of
these materials. Specifically, it examines the thermal
properties of cast iron samples with A and D type graphite in
a ferritic matrix, as well as nodular cast iron with graphite
nodules. By investigating surface roughness through hot disk
testing, this study evaluates how surface texture and graphite
morphology impact thermal conductivity. The findings from
these analyses are essential for designing cast iron
components in high-temperature applications, such as brake
discs, heating elements, and engine parts, where
understanding thermodynamic processes is crucial.

2 MATERIALS AND METHODS

In the experimental part of the study three samples of Fe-
C cast iron of different surface roughness with different
forms of graphite were tested, all three in the ferrite matrix,
Fig. 1.

Sample 9D is a type of grey cast iron with a type D flake
graphite in a ferritic matrix, and an average volume fraction
of 8.90% of graphite in the alloy in the solid state. Sample
1A is grey cast iron with a type A flake graphite in ferritic
matrix and an average volume fraction of 10.50% graphite
within the alloy in the solid state. Type A graphite, with a
uniform appearance and shape within a grey cast iron, occurs
because of moderate cooling, while type D graphite occurs
because of deeper subcooling during the production process
[8, 14, 18]. In laboratory research, it was obtained that these
two samples of grey cast iron with different types of graphite
have the same chemical composition and hardness but have
different appearance and shape of graphite sheets which is
achieved by controlled cooling of samples during the casting
process. Sample 13 is a nodular cast iron with graphite
nodular type ferrite in the matrix, and the average volume
fraction of 6.70% in the alloy in the solid state. Nodular
graphite inside cast iron forms its nodular form in melt during
the manufacturing process and is characterized by that it is of
proper spherical shape [1, 17, 19]. A quantity content of
graphite or a volume percentage of graphite within the three
Fe-C casts is determined according to ASTM E 562-11 [22].

Brinell hardness value of 202 HBW10/3000 was
obtained for samples 9D and 1A, and for sample 13 the value
of obtained hardness was 152 HBW10/3000, both according
to HRN EN ISO 6506-1:2014 [23].

Figure 1 Samples for tsting - grey cast iron with D(sample 9D) nd (ample
1A) type flake (lamellar) graphite, and nodular cast iron with graphite in a form of
nodules (sample 13)

Table 1 Percentage of chemical elements in three Fe-C test samples

Grey cast iron with D type flake graphite — sample 9D (%)

C Si Mn P S Cr Ni Mo \ Ti Fe

3.21 241 0.59 0.162 0.044 0.00 0.10 0.02 0.06 0.01 Rest.
Grey cast iron with A type flake graphite — sample 1A (%)

C Si Mn P S Cr Ni Mo \ Ti Fe

3.21 241 0.59 0.162 0.044 0.00 0.10 0.02 0.06 0.01 Rest.
Nodular cast iron with graphite in the form of nodules — sample 13 (%)

C Si Mn P S Cr Ni Mo \Y Ti Fe

3.55 2.50 0.66 0.051 0.007 0.003 0.003 0.008 0.03 0.126 Rest.

Since there have been two test surfaces with different
profile roughness parameters produced in each group of
samples, it was necessary to determine their different profile
roughness parameters. The measurement has been carried out
by contact method in electronic - mechanical device stylus
Perthometer C5D. The Perthometer C5D specializes in
measuring surface roughness parameters, such as Ra
(average roughness) and Rz (mean peak-to-valley height),
with high precision, typically + 0.1 um. However, it requires
stable conditions as environmental vibrations and reflective
surfaces can affect accuracy. Different profile roughness
parameters for the non-polished side of samples is Ra — 12.6

+ 0.1 um, while for the polished side of the sample is as
follows: Ra—0.5 £ 0.1 um. Roughness levels were consistent
across all tested samples. This consistency in roughness
values was essential for accurately assessing the impact of
surface finish on thermal conductivity and effusivity across
different graphite-containing cast iron samples. Broad range
of surface roughness values was chosen (0.5 pm for polished
and 12.6 um for unpolished) to comprehensively investigate
the impact of surface finish on thermal characteristics. This
range allows a detailed analysis of impact surface roughness
affect thermal conductivity and effusivity, offering insights
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applicable to real-world applications where surface
roughness varies.

The chemical composition of all three samples is
determined by using a Leco GDS500 A that is based on the
method of Glow Discharge Atomic Emission Spectrometry
(AES) [24], and the percentage of resulting chemical
elements of all three casts is shown in Tab. 1.

GCI - D type graphite/ 90" GCI - A type graphite /14" NCI - nodular type graphite /13"

Figure 2 Microstructures of test samples; light microscope

2.1 Microstructure Analysis

A microstructure of the samples was analyzed. The
samples were prepared in such a way that they were ground,
polished and pitted. Grinding was conducted with abrasive
grit paper P 4000, polishing was conducted by diamond
paste, while the etching was performed in Nital, a 3%
solution of nitric acid in ethyl alcohol. Analysis of the
microstructure was conducted on a light microscope
Olympus GX51 Analyzer. The Olympus GX51 Analyzer is
a metallurgical microscope offering magnification up to
1000%, designed for detailed examination of material
microstructures, including grain size and phase distribution.
Although highly capable, it requires precise calibration and
smooth sample surfaces for accurate analysis, with
limitations on rough or highly reflective samples. The
resulting microstructures of the three test samples are shown
in Fig. 2.

2.2 Testing Method

Testing was carried out by a device Mathis TCi. The
Mathis TCi instrument measures thermal properties,
specifically thermal conductivity, diffusivity, and effusivity,
using the modified transient plane source (MTPS) technique.
It operates with &+ 5% accuracy across a range of 0.03 to 30
W/mK, suitable for diverse materials from insulators to
conductors. Accurate results with the Mathis TCi depend on
smooth sample contact, as inconsistencies in surface quality
may impact measurements. Together, these devices provide
a robust profile of surface, structural, and thermal properties
essential for in-depth material analysis. This kind of device
is based on a non-stationary method of testing thermal
performance of a material which is referred to as a hot disk

method. The device consists of a sensor, a control unit and a
computer program that manages and collects data
measurements [24]. This type of device directly measures
thermal conductivity and thermal effusivity as well as
thermal diffusivity and heat capacity [25]. The method is
based on passing a one-dimensional heat flow from the
sensor to the sample so that the sensor is located within
several concentrically wrapped rings, spirals, or 10-micron
thick wires made of platinum, which are a constant source of
heat transferred to the upper glass surface of the sensor, and
through which a one-dimensional heat flow travels towards
the sample [26].

The spiral is made of platinum because platinum is a
material that has the feature of excellent linear stretching and
contraction at a wide range of temperatures. The main
components of the device are shown in Fig. 3.

’ Computer

Hot Disk

Program

Figure 3 Components of the device and a diagram of the device for testing thermal
characteristics based on the hot disk method

The device assumes a one-dimensional heat flow in the
direction of the sensor towards the sample, while at the same
time ignoring the thermal resistance of the touch sensor and
the sample. With that in mind, a change of contact surface
temperature sensor (x = 0) is given by the Eq. (1):

AT(x=0,1)=1'1284’G'*ﬁ, W
€1+€2

where AT (°C) is a temperature change of contact
temperature, G (W/m?) a density of heat flow that comes into
the sensor, ¢ (sec) time measured from the beginning of the
process, e; (W\(s/m2K)) is equivalent effusivity of the sensor
and e, (WN(s/m?K)) is effusivity of the tested sample [26,
25]. Value the change of the contact temperature to
equivalent voltage change is converted by the temperature
coefficient of resistance TCR. The relation between the
sensor resistance and its temperature is determined by the Eq.

Q):

R(T)=R,(1+a-T)=R, + AT, ©)

TEHNICKI GLASNIK 20, 1(2026), 53-59

55



Dalibor Viderscak et al.: Determination of Thermal Characteristics of Fe-C Cast Iron Using Hot Disk Method

where R(7T) of the sensor resistance at the temperature 7, the
sensor resistance Ry at 0 °C, the sensor temperature 7 (°C), «
the temperature coefficient of resistance (TCR) and A4 slope
of correlation [25, 26]. Applying Ohm's Law to connect Eq.
(1) and Eq. (2) yields Eq. (3).

1.1284-1-4-G -+t

AV (t) = (3)
e +e

Then, the Eq. (3) can be written as Eq. (4):

AV (1) =m-Jt, 4)

where m is the slope of the line that describes the change in
voltage with respect to the root of time, according to the value
of the Eq. (5):

1.1284-71-4-G
m=———-.
e +e,

®)

The assumption is that in the short period, all parameters
on the right side of the Eq. (5) are constant, then the heat
effusivity e, would be calculated according to the Eq. (6):

1
—=M,-&l+M,-e,+C, (6)
m

where M, and M, are sensor constants that depend on a type
of testing sample and C is a characteristic of the sensor
dependent on the temperature 7' during the testing, the Eq.

(7).
C=Cy+C-T+C,-T?, (7)

where Cy, C; and C, are constants of a sensor [25, 26].

Measurement of thermal conductivity A is based on data
collected for obtaining heat effusivity, through the algorithm
m” for calibration and calculation of thermal conductivity.
The device uses an iterative process to calibrate the sensor,
based on known values of coefficients of thermal
conductivity. Thermal conductivity is calculated according to
the Eq. (8):

1

m-—m

=a-A+z, ®)

*

where a is the slope, and z cutting values on the calibration
curve [25, 26]. The formulas used in this paper are derived
from a combination of established sources and original
derivations tailored to the specific experimental setup.
Formulas related to thermal conductivity and effusivity are
based on the Mathis TCi Thermal Conductivity Instrument
User Manual by Mathis Instruments, Inc., which details the
MTPS (Modified Transient Plane Source) method for
thermal property measurements. Equations involving

thermal resistance and voltage-based -calculations are
grounded in the principles found in Introduction to Heat
Transfer by Incropera and DeWitt, covering fundamental
concepts of heat transfer and thermal resistance.
Additionally, general equations for thermal conductivity in
alloys, particularly Fe-C alloys, are referenced from
Materials Science and Engineering: An Introduction by
Callister and Rethwisch. Any formulas unique to this study
have been specifically derived by the authors to meet the
experimental conditions and are indicated as original
contributions in the paper.

2.3 Research
In addition to the influence of graphite, the paper also
explored the influence of surface roughness on the sample's

thermal characteristics.

Table 2 Characteristics of test Fe-C samples

Characteristics Grey cast iron N"d?”ar
cast iron
Label of cast iron 9D 1A 13
Type of graphite D graphite A graphite Nodules
Percentage of graphite (%) 8.90 10.50 6.70
Dimensions of sample 10.98/27.87/ | 12.32/27.83/|10.72/30.89/
(mm) 26.05 23.41 25.87
Weight of sample (kg) 0.055 0.056 0.059
Density of sample (kg/m*) 6838.14 6959.12 6.892.52
Ambient temperature (°C) 23+2
Coupling agent Water

Three measurements was carried out for each surface
sample, each measurement had 10 readings, with each
reading lasting 60 seconds. It takes from 0,8 to 5 seconds for
the reading and the rest of the 60 seconds during the interval
readings serve for a complete cool down of the sample [25].
The test was carried out with water as a coupling agent at a
room temperature of 23 + 2 °C - water is used for testing in
temperature ranges from 5 °C to 70 °C [24, 26]. The main
characteristics of Fe-C test samples are shown in Tab. 2.

3 RESULTS AND DISCUSSION

Tab. 3 shows the results of mean values of specific heat
capacity and thermal diffusivity of test Fe-C samples
depending on the surface roughness and the type of graphite.

Table 3 Results of mean values of specific heat capacity and thermal diffusivity of
test Fe-C samples

Fe-C samples Specific heat | Thermal diffusivity
capacity (J/kg/K) (m?/s)
Sampl(eR?l]i-O;.);)l;ﬁsd side 166.40 95e10-
Sample(‘;]z ;rl]o;g)flﬁnls)}led side 354.96 L 4310%
SamplFRla A: -O?lelilli:d side 12172 5 540102
Sample(k/z —:nloznjfllé]s?ed side 168.80 | 17x104
Sampl(ﬁ;e(ll3=—0p.(6)l$}$d side 327,68 L8910
Sample(?g -:n;);g(;lrirsl?ed side 378.22 0.94x10¢
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Fig. 4 and Fig. 5 show graphs of the results of the thermal
conductivity and heat effusivity of the Fe-C samples
depending on the surface roughness and type of graphite.
Graphs show the minimum, maximum and mean value for
each test sample depending on the surface roughness, and its
comparison.

300,00
250,00
£
s 200,00
3 |
S 150,00 T
z 1 1
E
3 100,00
c
S
= 50,00 =
£ = -
]
= 0,00
L Sample Sample Sample Sample Sample Sample
"9D"- | "9D"-non | "A"- | "1A"-non 3" - 13" -non
polished polished polished polished polished polished
side side side side side side
Max. value 172,88 36,94 271,33 155,73 46,51 27,59
Min. value 120,14 32,59 172,30 112,22 40,54 23,76
- Average value| 140,35 34,58 207,78 134,83 4264 25,91

Figure 4 Results of mean values of thermal conductivity of test Fe-C samples with
their minimum and maximum values

obtained for sample 1A which tells us that there is a relatively
small uniformity of the results obtained, which of course is
not desirable. Also, in Tab. 4, a smaller average deviation of
the individual values from the mean was obtained with non-
polished samples compared to polished samples.

Table 4 Measures of dispersion mean values of thermal conductivity and thermal
effusivity of test Fe-C samples
Measures of dispersion mean values of thermal conductivity of Fe-C test
samples
Standard
deviation, o

Coefficient of

Fe-C samples variation, V (%)

Polished side
Sample | (Ra=0.5 pm) 12.88 9.19
9D Non polished side
(Ra = 12.6 um) 0.77 2.19
Polished side
Sample (Ra=0.4 pm) 2733 12.77
1A Non polished side
(Ra = 12.4 um) 10.87 7.88
Polished side
Sample | (Ra=0.6 pm) 118 275
13 Non polished side
(Ra=12.5 um) 0.44 1.68
Measures of dispersion mean values of thermal effusivity of Fe-C test
samples
Standard Coefficient of

Fe-C samples

Since pure graphite is an anisotropic element having deviation, o variation, V(%)
different thermal conductivities depending on the orientation Polished side 145.80 1.16
. - . - Sample (Ra=0.5 pm)
of the crystal lattice, a large deviation of the results is oD Non polished side
expected [27]. Therefore, it is necessary to analyze the value (Ra = 12.6 um) 69.95 0.76
of standard deviations and coefficients of variation of test Polished side . 114
samples obtained based on the results of thermal Sample (Ra = 0.4 pm) i i
conductivities and thermal effusivities, shown in Tab. 4. 1A Non polished side 128.49 1.02
(Ra=12.4 pm)
Polished side
14.000,00 . Sample (Ra = 0.6 pm) 82.78 0.84
g 13000,00 13 Non polished side
: I I (Ra o 12.5 pan) 55.95 0.68
;V'_ 12.000,00
E 11.000,00 . . . .
2 The results show a significant difference in thermal
3 10o0® . 3 conductivity and effusivity depending on the amount, type
g oo00000 and distribution of graphite particles and the surface
g 800000 : roughness. The greater thermal conductivity of polished
£ 700000 samples can be explained by the fact that at non polished side
Sample Sample Sample Sample Sample Sample .
"9D"- | '6D"-nen | 1A'~ | "A"-non | 13"~ | "13"-non of the sample there is a better chance for at presence of
polished polished polished polished polished polished . .. . o
sids side side side side side residual air in microcavities at the contact of the sensors and
M.ax. value 12.926,51 9.370,53 13.457,85 | 12.774,61 10.072,29 8.427,10 the Sample. Because Ofthat, lt has an impact ona decrease Of
Min. value 12.344,19 8.971,78 12.921,88 | 12.217,73 9.682,32 7.931,31 ..
—Average value| 12.600,96 | 9.157,47 | 13.141,34 | 12.527,98 | 981155 | 821393 read value of thermal COIIdllCthlty due to the low value of

Figure 5 Results of mean values of thermal effusivity of test Fe-C samples with
their minimum and maximum values

Obtained values of standard deviation and coefficient of
variation concerning the tested side of the sample are
relatively small, which indicates that the average deviation of
individual values from the mean value is relatively small, and
it shows relatively high uniformity of the results. Tab. 4
shows that sample 13 obtained at least an average deviation
of the individual values of the arithmetic mean, indicating a
relatively high uniformity of the results. A bit larger average
deviation of the individual values from the mean was
obtained at sample 9D, but also shows a relatively high
uniformity of the obtained results. The largest average
deviation of the individual values of arithmetic mean was

thermal conductivity of air at room temperature, which is
AAIR = 0,026 W/mK, in relation to the resulting thermal
conductivities of casts [1, 28].

From the obtained results of measurements, it has been
shown that thermal conductivity and effusivity of materials
depend on the type and quantity of graphite inside the cast at
the micro level. It can be seen in Figs. 4-5 that the values of
thermal conductivity and effusivity are lowest in nodular cast
iron with 6.70% graphite in the form of nodules (sample 13),
while in grey cast iron with 8.90% D type flake (lamellar)
graphite (sample 9D) they are somewhat higher. The greatest
values of thermal conductivity and effusivity were obtained
by testing a sample of grey cast iron with 10.50% A type
flake (lamellar) graphite (sample 1A). The above shows the
fact that the thermal conductivity of tested iron cast samples
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increases with the amount of graphite in test samples. The
same is true for the values of thermal effusivities, specific
heat capacities and thermal diffusivities. The thermal
conductivity of iron is Airon = 70 to 80 W/mK, while the
thermal conductivity of graphite differs whether it is
measured parallelly (Acrapmite, || ~ 25 to 274 W/mK) or
perpendicularly to the basal plane (Agrapsrre, -+~ 10 W/mK)
[26, 27]. Hence the conclusion is that thermal conductivity of
test casts depends on the amount of graphite and the
orientation of the basal plane of graphite relative to the
position one-dimensional heat flow sensor device for testing.
It tells us that a higher value of thermal conductivity was
obtained in samples with a higher amount of graphite where
one-dimensional heat flow traveled parallelly to the basal
graphite plane, and vice versa. Because of that, in anisotropic
materials it is necessary, by hot disk method, to measure
thermal conductivity in several orientations relative to the
test sample to obtain a more realistic result.

4 CONCLUSION

In this paper, the results of testing thermal conductivity
and effusivity are shown on samples of grey cast iron with A
and D type flake graphite in a ferritic matrix and nodular cast
iron with nodular graphite in a ferritic matrix using the non-
stationary method of the hot disk. The method of hot disk is
a fast and simple, but sensitive method that is most often used
in quality control in production and development of
materials.

The test concluded that the value of the thermal
conductivity and effusivity of tested samples mostly depends
on the roughness of the surface on which the testing is being
conducted and, on the form, type, layout, orientation and the
amount of graphite in cast iron. The results show a higher
value of thermal conductivity and effusivity tested on the
polished side of the sample. Also, it has been shown that for
the samples with a higher quantity content of graphite and
denser layout of graphite granules at the microstructural level
higher values of thermal conductivity and effusivity are
obtained.

In the end, by statistical measures of dispersion, it is
proved that a relatively low deviation of the individual values
is obtained from the arithmetic mean of the same, which
shows a relatively high consistency of the results obtained by
this method of testing.

The results of this study indicate a significant influence
of graphite type, shape, and distribution, along with surface
roughness, on the thermal conductivity and effusivity of Fe-
C cast iron. This lays a strong foundation for future research
into optimizing thermal and mechanical characteristics for
industrial applications. Expanding this work, further studies
could investigate Fe-C cast iron with varied carbon
percentages and explore additional graphite morphologies, as
these factors could yield new insights into enhancing both
thermal management and structural resilience of cast iron
components.

Future experiments could also involve testing under
diverse environmental conditions, such as higher or variable
temperatures, to simulate real-world applications more

accurately. Exploring alternative alloying elements or
incorporating nanoparticles within the Fe-C matrix could
further advance the material's thermal properties. These
additional conditions would not only support broader
industrial uses, such as in brake discs and engine components
but might also reduce operational and maintenance costs by
extending the material’s lifespan in thermal applications.
Ultimately, these studies would help refine Fe-C cast iron’s
applicability in mechanical constructs requiring specific
thermal characteristics, such as cooling systems or high-wear
components, while promoting cost efficiency through
improved material performance.
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The Multicollinearity Effect on Machine Learning Accuracy for Leaf Chlorophyll Content
Prediction of Indoor Plants

Dorijan Radocaj*, Daria Gali¢ Subasi¢, lvan Plas¢ak, Mladen Jurisi¢

Abstract: Various factors that influence chlorophyll levels in indoor plants were analysed. The input dataset consisted of 52 samples, which represent 10 distinct plant types. To
non-invasively measure the chlorophyll content in plant leaves, Soil-Plant Analysis Development (SPAD) sensor was used, measuring the absorbance of specific light wavelengths,
allowing for the assessment of chlorophyll concentration. The dataset was supplemented by covariates from soil electrical conductivity (EC) sensing at depths of 5 cm, 10 cm, and
15 cm, along with the multispectral Plant-O-Meter sensor. Four covariates in the model, including plant type, EC (5 cm), EC (15 cm), and normalized difference red-edge index
(NDRE), showed minimal correlation with other variables, highlighting their independence. To predict leaf chlorophyll content, Random Forest and Extreme Gradient Boosting
machine learning models were utilized, with Random Forest achieving higher average coefficient of determination of 0.458. The study underscored the potential of a complementary
dataset for evaluating the complex relationship among root-soil dynamics and leaf for optimizing indoor plant health.

Keywords: extreme gradient boosting; multispectral sensor; random forest; soil electroconductivity; Soil-Plant Analysis Development (SPAD)

1 INTRODUCTION

In recent years, there has been increasing interest in
cultivating indoor plants effectively and sustainably, driven
by recognition of their manifold benefits, which include
positively impacting the environment, aesthetics, and human
health [1]. These plants are not merely decorative additions
to our living spaces, rather they have a crucial role in
enhancing air quality, reducing stress, and beautifying indoor
environment. The presence of chlorophyll in the leaves of
indoor plants is fundamental to their health and vitality, as
this pigment is essential for photosynthesis and overall
growth [2]. Advanced machine learning algorithms have
emerged as powerful tools in optimizing the care of indoor
plants, enabling precise monitoring and fine-tuning of
chlorophyll care plans. These algorithms, along with non-
invasive estimation instruments, provide a method to
comprehend and improve the well-being of our indoor plants
[3]. Predicting the quantity of chlorophyll in indoor plants
using machine learning algorithms poses challenges,
including multicollinearity that occurs when predictor
variables in the model have high correlations, leading to an
impact on the accuracy and interpretability of the machine
learning model [4]. Multicollinearity can introduce
instability into coefficient estimations, making it difficult to
discern the unique contributions of each predictor variable.
In the context of predicting chlorophyll concentration,
various physiological and environmental factors are at play,
and their interrelationships can lead to multicollinearity,
casting doubt on the validity of machine learning models. To
tackle this issue, two significant sources of data play a vital
role in machine-learning predictions of chlorophyll content
in leaves: soil electrical conductivity (EC) sensing and leaf
multispectral sensing [5]. Multispectral sensing of leaves
offers a vast amount of information on the physiological state
of the leaves, providing insights into pigment content, water
stress, and the overall health of the plant. Soil EC sensing
provides critical information about soil moisture levels and

nutrient availability, both of which have a direct impact on
plant growth and vitality. Integrating this data with
chlorophyll predictions through machine learning models is
expected to result in improved accuracy. In the context of
predicting chlorophyll concentration in indoor plants, Monte
Carlo cross-validation accounts for the inherent variability in
factors such as plant growth, environmental conditions, and
sensor data [6]. The care of indoor plants is influenced by
numerous dynamic factors, and this approach ensures that the
models can withstand the randomness in the training and test
data. Additionally, it decreases the probability of overfitting
to a particular dataset and encourages the creation of models
that are robust.

To improve present knowledge of predicting indoor
plant chlorophyll content, this study delves into the
significant issue of multicollinearity using machine learning
techniques, emphasizing the Random Forest (RF) and
Extreme Gradient Boosting (XGB) methods. Monte Carlo
cross-validation was employed to assess and mitigate the
impact of multicollinearity on the forecasting accuracy of
these two extensively adopted techniques. The consequences
of multicollinearity on the effectiveness of both RF and XGB
models were explored, alongside their predictive capabilities,
and their reliability in accurately estimating chlorophyll
content in leaves. Additionally, it will enhance the
understanding of the challenges posed by multicollinearity.
The aim of the evaluation of these models' performance is to
assist practitioners in determining the most effective
approach to handle multicollinearity.

2 MATERIALS AND METHODS
2.1 Indoor Plant Data Collection

Ten indoor plant types represented by 52 samples were
evaluated in the study (Fig. 1). The evaluation of chlorophyll
levels in indoor plant leaves was achieved using the portable
Konica Minolta Soil-Plant Analysis Development (SPAD)
sensor, in a non-invasive manner. This technology enables
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measuring the absorbance of specific light wavelengths by
the chlorophyll in leaf tissue, thereby ascertaining the relative
chlorophyll concentration [7]. The SPAD sensor measures
light absorbance, focusing on the decrease in red light
absorption caused by chlorophyll's presence, resulting in a
unitless SPAD reading that shows the leaf's relative
chlorophyll concentration. Elevated SPAD levels are linked
to higher chlorophyll content, indicating healthier and more
photosynthetically active leaves. The gathered SPAD data
enables comparing leaves or plants, facilitating evaluation of
general plant health, monitoring changes over time, and
informing care plans for indoor plant maintenance.

When combined, soil EC sensing at three soil depths (5,
10, and 15 cm), and the multispectral Plant-O-Meter sensor
provide a dependable approach for obtaining complementary
covariates for predicting chlorophyll content of indoor plants
[5]. The Plant-O-Meter sensor was used to measure leaf
physiology aspects like plant leaves' absorption and
reflection characteristics at multiple wavelengths. Vegetation
indices were calculated based on Plant-O-Meter
measurements according to specifications by Kiti¢ et al. [8],
including red (NDVIr), green (NDVIg), blue (NDVID), green-
red (GRNDVI), green-blue (GBNDVI), red-blue (RBNDVI)
and visible normalized difference vegetation index (PNDVI),
simple ratio (SR) with its modification (MSR) and inversion
(ISR), normalized difference red-edge index (NDRE) and
enhanced vegetation index (EVI). Soil EC sensing at various
depths enabled measuring the effects of soil moisture
content. A total of 16 covariates were evaluated, including
plant type, three soil EC covariates and 12 vegetation indices.

2.2 Multicollinearity Analysis

Three diagnostic measures were used in analysing
multicollinearity, including tolerance (7OL), within-subject
variance (i), and auxiliary F-test (Fi) [9]. TOL measured the
percentage of variance in a predictor variable that isn't
explained by other predictor variables in the model, with low
tolerance levels indicating significant multicollinearity.
Tolerance values ranged from 0 to 1, representing reciprocal
values of the variance inflation factor. TOL values close to 1
suggest that it is relatively uncorrelated with other predictors,
with values higher than 0.1 indicating multicollinearity. This
indication implies that the variable can provide specific and
unique information to the model. Farrar's F-test is a
diagnostic metric for assessing multicollinearity, represented
by Wi. This test examined the correlations between a specific
predictor variable and all other variables in the model,
indicating the presence and severity of multicollinearity. Wi
demonstrated significant results when multicollinearity
exists, indicating the dependent variable's linear
predictability from the independent predictors. In the context
of multicollinearity, the Fi assessed the relationship between
the F-statistic and the coefficient of determination, allowing
determination of whether high levels of multicollinearity
decrease the overall goodness of fit of the regression model
and how it affects the model's explanatory power.

Aspidistra elatior (ASP)

b EpJpremnum aureum (EPI)

Hoya carnosa (HOY)

Zamioculcas zamiifolia (ZAM)

~ Sansevieria trifasciara (SAN)

Figure 1 The display of representative indoor plants from ten species evaluated in
the study

2.3 Machine Learning Prediction and Accuracy Assessment

The study employed the RF model to capture non-linear
correlations between leaf chlorophyll concentration and
chosen characteristics. The ensemble approach included
several decision trees, which reduced overfitting and
improved prediction accuracy [10]. In addition, the enhanced
gradient boosting technique XGB was used to predict
chlorophyll levels. This model is highly renowned for its
durability and efficiency in processing high-dimensional
information [11]. A feature selection procedure was
conducted to enhance the predictive capacity of the models,
combining RF and XGB models with all input covariates and
with covariates for which multicollinearity was not detected
based on TOL, Wi and Fi coefficients.

The effectiveness of the RF and XGB regression models
in predicting leaf chlorophyll content was evaluated through
the Monte Carlo cross-validation approach. To ensure
robustness in the evaluation, the dataset per 20 repetitions
was divided into an 80% training set and a 20% testing set.
This repeated resampling strategy produced multiple distinct
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train-test splits, enabling a thorough assessment of model
performance. During each iteration, the RF and XGB models
underwent training with the training data and evaluated their
predictive performance using the testing data.

The coefficient of determination (R?) indicated the
proportion of the variance in the leaf chlorophyll content
represented by SPAD values that the independent variables
can predict. Root mean square error (RMSE) measured the
average magnitude of the difference between the predicted
and actual values. Mean absolute error (MAE) similarly
measured the average absolute difference between predicted
and actual values, being less susceptible to higher residuals
between predicted and actual SPAD values. A higher R? and
lower RMSE and MAE indicated more accurate predictive
performance.

3 RESULTS AND DISCUSSION

Plant type, EC (5 cm), EC (15 cm), and NDRE exhibited
limited correlation with other variables (Tab. 1). It is
expected that plant type, being a categorical variable
representing distinct types of plants, does not inherently
exhibit multicollinearity with numerical variables. EC (5 cm)
and EC (15 cm) represented distinct soil depths, and due to
the sizable variance in soil properties at different depths, it is
generally unlikely that they will exhibit a strong linear
correlation. Moreover, NDRE, which is obtained from
multispectral leaf sensing, characterized plant health in a
unique manner based on red-edge spectral band and thus did
not exhibit a strong correlation with other environmental
variables or indices [12]. This lack of correlation between
these particular variables indicates that they can be studied
separately to determine their impact on the response
variables, with minimal preoccupation for the interfering
effects of collinearity.

Table 1 The results of multicollinearity analysis for evaluated covariates.

Covariates TOL Wi Fi
Plant type 0.311 2.495 2.700
EC (5 cm) 0.188 4.875 5.276
EC (10 cm) 0.067 15.666 16.953
EC (15 cm) 0.108 9.329 10.096
EVI 0.049 21.979 23.784
GBNDVI 0.000 3221.493 3486.060
GRNDVI 0.000 4352.326 4709.763
ISR 0.001 1868.367 2021.808
MSR 0.021 53.424 57.812
NDRE 0.301 2.618 2.833
NDVIb 0.002 639.444 691.959
NDVIg 0.000 6788.285 7345.777
NDVIr 0.000 2802.944 3033.137
PNDVI 0.000 5560.212 6016.848
RBNDVI 0.000 3395.957 3674.852
SR 0.011 105.751 114.436

A series of boxplots in Fig. 2 display the SPAD values of
evaluated indoor plant species according to four covariates
for which multicollinearity was not detected (Fig. 3),
including plant type, soil EC at 5 cm and 15 cm soil depth,
and NDRE. All four covariates indicate large heterogeneity
of analysed individual indoor plants, which is otherwise not

usually present in the same intensity for outdoor plants,
especially crops and orchards [13].

=

MON ALO ZAM CHL EPI SAN DRA FIC ASP HCY
Indoor plant type

Figure 2 Boxplots representing SPAD values per indoor plant type

Based on the Monte Carlo accuracy assessment, the RF
model using all covariates achieved superior overall
performance in 20 distinct data folds (Tab. 2). Specifically,
the data produced a substantially greater average R? of 0.458,
indicating its capacity to elucidate a larger portion of the
dependent variable's variability, along with a lower average
RMSE of 10.69 and MAE of 8.16. On the other hand, the RF
model with filtered covariates for multicollinearity exhibited
subpar relative performance with a lower average R of 0.338
and higher average RMSE of 11.77 and MAE of 9.12,
demonstrating a decrease in predictive accuracy.
Additionally, the coefficient of variation indicated that the
RF model demonstrated enhanced stability and consistency
in performance across various data partitions, therefore
presenting itself as a more dependable option within this
experimental context.

The XGB model without multicollinearity filtering
consistently demonstrated moderate performance across
distinct data folds (Tab. 3). It achieved an average R?> of
0.360, displaying moderately precise predictions, with an
average RMSE of 13.50 and an average MAE of 10.77.
Conversely, the XGB model with integrated multicollinearity
filtering presented marginally improved performance,
producing an average R? of 0.423 and a lower average RMSE
of 13.28 and MAE of 10.45. These results suggest that the
multicollinearity analysis had limited impact on predictive
accuracy improvement in general, with only XGB having a
slight benefit from it [14]. Additionally, the coefficient of
variation values indicated that both models exhibited
significant variability in performance across various data
partitions, with the XGB model displaying slightly higher
variability.
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Figure 3 Boxplots representing SPAD values and their relationship with covariates
for which multicollinearity was not detected

By combining multispectral leaf sensing with soil EC
data at various depths, a comprehensive dataset of covariates
was generated. This facilitated the capturing of complex
interactions between the below-ground root-soil interactions
and above-ground leaf physiology by machine learning
models, resulting in enhanced precision and resilience of
predicting leaf chlorophyll content. Monte Carlo cross-

validation aided in identifying the most effective algorithm
for predicting chlorophyll levels in plant foliage by
mitigating the impact of individual data subsets and allowing
for a comprehensive evaluation of the models' capacity for
generalization. The Monte Carlo cross-validation results
exhibited notable differences in prediction accuracy
according to properties of training and test sample data,
strongly indicating that frequently used single split-sample
approach might not provide adequate representation of
prediction accuracy.

Table 2 The accuracy assessment results for RF
All covariates Filtered covariates

Fold R RMSE MAE R RMSE MAE
1 0.435 15.30 9.49 0.110 11.34 7.94
2 0.395 15.00 9.84 0.534 7.65 6.27
3 0.428 8.64 7.36 0.445 9.90 9.14
4 0.659 7.32 6.03 0.205 12.03 10.91
5 0.704 12.89 10.26 0.558 8.58 7.15
6 0.639 15.74 11.60 0.575 9.59 7.72
7 0.213 10.47 8.88 0.441 9.92 8.44
8 0.430 9.33 8.02 0.000 20.07 14.43
9 0.748 10.62 7.60 0.147 11.75 8.75
10 0.889 5.67 4.41 0.179 19.19 12.82
11 0.497 11.39 9.58 0.347 18.35 12.36
12 0.032 11.20 8.56 0.141 10.23 6.06
13 0.270 8.65 6.14 0.828 10.20 7.83
14 0.584 7.31 6.29 0.654 7.77 5.83
15 0.027 14.65 9.15 0.018 13.49 11.24
16 0.018 15.97 10.18 0.083 11.44 9.74
17 0.880 6.74 6.02 0.632 5.74 4.18
18 0.322 10.63 9.15 0.592 11.56 9.60
19 0.787 5.95 5.51 0.278 9.92 8.35

20 0.208 10.43 9.07 0.000 16.72 13.61
Average | 0.458 10.69 8.16 0.338 11.77 9.12
CvV 0.603 0.311 0.234 | 0.751 0.334 0.302

Table 3 The accuracy assessment results for XGB
All covariates Filtered covariates

Fold R’ RMSE MAE R RMSE MAE
1 0.731 11.07 8.30 0.545 11.33 9.04
2 0.291 14.59 9.20 0.271 19.06 15.82
3 0.492 16.24 11.29 0.676 7.67 6.11
4 0.298 12.53 11.23 0.399 15.17 14.26
5 0.034 15.14 11.99 0.517 11.42 9.87
6 0.625 10.28 8.68 0.465 11.96 9.42
7 0.456 13.46 10.83 0.527 9.47 7.60
8 0.272 10.47 7.86 0.067 12.81 10.63
9 0.598 8.93 6.80 0.296 16.70 11.84
10 0.252 12.66 10.15 0.410 14.06 11.91
11 0.002 25.53 21.10 0.225 11.01 8.41
12 0.243 13.64 11.16 0.526 13.90 9.15
13 0.553 11.10 9.38 0.342 13.36 10.45
14 0.517 8.60 7.27 0.679 11.91 9.47
15 0.074 12.89 11.17 0.586 12.81 11.04
16 0.580 13.28 10.36 0.691 12.04 7.87
17 0.444 6.82 5.38 0.578 11.30 9.54
18 0.001 25.65 2141 0.280 18.10 13.06
19 0.677 14.29 10.58 0.320 14.73 11.84
20 0.056 12.84 11.24 0.064 16.85 11.56

Average | 0.360 13.50 10.77 0.423 13.28 10.45
Cv 0.665 0.351 0.371 0.444 0.215 0.222

To further improve the proposed approach, the addition
of deep learning methods [11] and integration of additional
sensors complementary to multispectral and soil £C devices,
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such as insolation sensor [15], might provide more in-depth
observations as an upgrade of this study.

4 CONCLUSIONS

A thorough analysis was carried out to investigate the
various factors impacting chlorophyll levels in indoor plants.
The study involved examining a dataset encompassing ten
unique indoor plant species. Four factors, namely Plant Type,
EC (5 cm), EC (15 cm), and NDRE, were singled out as
displaying minimal correlation with other variables,
indicating their independence within the model. As a
categorical variable denoting individual plant species, plant
type e does not exhibit multicollinearity with numerical
variables. The soil electrical conductivity measurements at
varying depths displayed significant diversity, while NDRE,
obtained from multispectral leaf sensing, rendered a
distinctive outlook on plant health, resulting in minimal
correlation with other environmental variables or indices.
Monte  Carlo  cross-validation was  utilized to
comprehensively evaluate the effectiveness of RF and XGB
machine learning models in predicting leaf chlorophyll
content. The RF model, which included all covariates,
demonstrated superior overall performance by elucidating a
significant portion of the dependent variable's variance.
While the XGB model displayed moderately accurate
predictions, it only slightly benefited from multicollinearity
filtering. The RF model proved more stable and consistent in
comparison, achieving average R? of 0.458. The Monte Carlo
cross-validation results exhibited notable differences in
prediction accuracy according to properties of training and
test sample data, strongly indicating that frequently used
single split-sample approach might not provide adequate
representation of prediction accuracy.

This study indicated that a combination of multispectral
leaf sensing and soil £C measurements at varying depths can
establish a powerful tool for exploring the intricate
relationship between root-soil dynamics below ground and
leaf physiology above ground. Through the use of machine
learning models and cross-validation techniques, moderately
accurate predictive capabilities for indoor plant chlorophyll
content were achieved. Future research could include the
integration of complementary sensors and deep learning
methods to advance present comprehension of indoor plant
health and chlorophyll synthesis.
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Simulation Modeling of Labor Costs for Moving of Harvester between Working Positions in
Cutting Area

Konstantin P. Rukomojnikov*, Tatiana V. Sergeeva, Natalya N. Aleksagina

Abstract: The article discusses the technological features of the functioning of forest harvester in the implementation of logging in various natural conditions. The primary objective
of this research is to ascertain the influence of trees and shrubbery on the duration of the harvester's transit between operational sites. The research was implemented by computer
modeling methods based on a computer program specially created by the authors of the article to simulate the operation of a forest harvester. During the simulation, the trajectory
of the manipulator from each working position of the harvester, the dimensional characteristics and location of the trees assigned to the felling and the remaining trees were
evaluated. The results can be used by research organizations when planning the production process of logging operations.

Keywords: computer modeling; cutting area; felling; forest harvester; manipulator; working position

1 INTRODUCTION

When choosing machines and mechanisms for the
implementation of logging operations, it is necessary to take
into account a variety of factors. This is especially true when
implementing selective cutting of forest, for which there is
currently no general approach to labour norming. The trees
remaining in the cutting area create significant obstacles to
the effective work of operators of cutting machines used in
felling trees. A detailed analysis of their work on the cutting
area in the conditions of selective cutting of forest will allow
implementing a scientific approach to labour norming for
performing individual cutting operations. Focusing the
attention of the readers of the article on the harvester, as a
machine that is one of the most popular today by loggers
around the world, we can confidently say that its performance
largely depends on the average volume of tree stem and the
qualifications of the machine operator. Studies of different
countries conducted by Spinelli et. al. [1], McEwan [2] and
Picchio et al. [3] in Southern Europe, Liski et al. [4] in
Finland, Nakagawa et al. [5] in Japan, Seixas & Batista [6] in
Brazil, Norihiro et al. [7], Ramantswana et al. [8], Ackerman
et al. [9] in South Africa, Strandgard et al. in Australia [10]
this statement is also confirmed.

Nevertheless, studies by various researchers have shown
that the proportion of trees that have been cut down in
relation to the overall forest composition is a significant
factor in calculating the labor expenses for felling and
processing trees with a harvester during selective logging
[11-13]. The requirements for the safety of trees remaining
for rearing during selective logging compared to continuous
logging of the stand lead to the need to take into account the
technological features of harvesters when creating
mathematical dependencies for analyzing their performance.
In this regard, the authors propose additional theoretical
studies that take into account the peculiarities of the
operation of these machines in the forest.

The primary objective of this research is to ascertain the
influence of trees and shrubbery on the duration of the
harvester's transit between operational sites.

2 MATERIALS AND METHODS

The research was conducted through the use of computer
modelling techniques [14], employing a custom-designed
computer program developed by the researchers to simulate
the operation of a harvester in a forest environment [15-17].

The program was created in the AnyLogic simulation
system. The model developed by us uses the technical
characteristics of the harvester and the qualifications of the
operator: the dimensions of the harvester and the harvester
head, the speed characteristics of the movement of the
harvester and its manipulator, the parameters of the
manipulator departure, the speed of dragging the tree trunk
with the harvester head and some other parameters. During
the operation of the harvester, the trees of the target
component are processed to ensure the safety of the trees of
the non-target component. This, final felling with and
without undergrowth preservation, as well as various types
of thinning can be simulated.

The adjustable parameters of the stand within the
designated cutting area, as specified by the investigator in the
program, include the number of target component trees that
must be harvested, the number of non-target component trees
that should remain in place for cultivation purposes, and the
number trees (undergrowth category) that may be removed
during logging operations to enhance the accessibility of
target component trees. The placement of all trees on the
territory of the cutting area is carried out arbitrarily at each
start of the simulation program. The rocks and diameters of
tree trunks of all components are randomly distributed among
them based on the characteristics of the breed composition
and their dimensional parameters specified by the researcher.

The main limitations of the simulation model are the
possibility of using it only to analyze the operation of the
harvester in flat terrain, good cross-country ability, the
volume of trees being processed is no more than 2 m?, tree
diameters up to 0.9 m with bucking on logs from two to six
meters long.

To confirm that the results of the simulation model
correspond to the real production conditions of the cutting
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areas, the program was tested on the basis of observations of

the harvester Silvatec 8266TH [22] (Fig. 1).
Specifications:

e Engine Mercedes OM 906 LA diesel engine

e 205kW /278 HP at 2100 rpm

e Dynamic tractive power (theoretic): 146 kN

e 8-wheel drive

e Crane Loglift 220 V / 83 crane with 8.3 m reach

e Length: 7.70 m x Width: approx. 2.62 m with standard
tyres.

T IR
Figure 1 Harvester Silvatec 8266TH

During the experiment, individual was mastered. The
species composition of the stand was 100 % of pine trees.
The average wood stock per hectare is 260 m>. The average
volume of trees in forest swathes analyzed during the
experiments was 0.4 m®.

The work of experienced operators with more than 5
years of experience was studied. The width of the forest
swathes was 15 meters. The sections of forest swathes
analyzed during the experiment had a length of 100 meters.
In the course of experimental studies, 9 different forest
swathes were developed with a different number of trees (kp)
on them and a different proportion of trees being cut down
(k).

In the process of production experiments, a Latin square
experiment plan was used with varying factors at three levels
n = 3, having the form shown in Tab. 1. This plan allowed
for uniform scanning of the factor space and confirmed the
significance of the factor features used in the experiment

(kp), (k).

Table 1 Representation of the Latin square taking into account the levels of
variable factors of the production experiment
The proportion Number of trees per 1 ha (kp), pcs.

of trees being
cut down (k)

le = 200

kDZ = 400

kD3 =600

Phla tnavl, tpodl,

Ph4; tnavA, tpod4a

Ph7, tnav7; tpod7,

Tper3

Tper6

kn = 0,2
tpcrl tpcr4 tpcr7
k =0.6 Ph27 tnav2’ tpodZ; PhS; tnavS; tp0d57 Ph87 tnavS; tpodB;
2 =
’ tperZ tperS tpers
_ Prs, thavss podss | Phes tnaves tpodss | Phos Tnaves tpodss
kiz=1,0

tpero

During the trial, the hourly productivity of the harvester
was logged for each forest strip (Pn). The duration of the
manipulator's pointing action (fayv), and the time it took to
drag the tree to the processing area (#p.4), were also recorded.
Furthermore, the time required to move the harvester
between workstations for each tree (fyer) was measured.

The results of the production experiment were compared
with the results of simulation modeling. The final
comparison of the obtained numerical values showed good
convergence of the results. The discrepancy between
theoretical and experimental values did not exceed 12% for
all analyzed indicators. The obtained conclusions confirmed
the adequacy of the model to real production conditions.
After the experiment, an additional adjustment of the
simulation model was carried out. The identified inaccuracies
of its operation were taken into account. This made it
possible to further increase the convergence of the results
obtained.

For a clearer understanding of the reasons for the
reduction of labor costs during the operation of the harvester
on final felling and their increase during thinning, a
comparative analysis of the movements of the harvester was
carried out. The analysis allowed us to identify a number of
distinctive features associated with the movements of the
harvester. In particular, it was noted that during selective
logging in order to ensure the safety of the quality of the trees
remaining for rearing, in order to avoid defects in the trunks
that violate the integrity of the wood, such as bark peeling,
bullying, scratches, dents, etc. The following technological
features are observed in the operation of the harvester:

e ifthere are obstacles in the form of non-target component
trees, the path of the manipulator to the tree that is
planned to be cut down becomes longer;

e when transferring a fallen tree to a processing area, it
may be necessary to adjust the position of the harvesting
machine in order to avoid causing damage to other trees.
This may require the machine to move in the opposite
direction;

e the total distance traveled by the harvester between the
trees increases due to the displacement of the harvester
back in the process of adjusting working positions.

e with a small proportion of the failed component in the
composition of the stand, the frequency of changing
working positions increases due to the low availability of
trees of the target component.

Further simulation was carried out on the basis of the
results of real production data collected during the production
experiment.

For the computer-based experiment, a factorial design
with four factors was developed, with each factor varying at
four levels, resulting in a 4x4x4x4 factorial design. The
experiment was implemented with a complete search of
options. Among the main variable factor features were used:
timber volume per hectare (Q), m*/ha; the amount of large
undergrowth per hectare K, pcs/ha; the average volume of
tree stem (V), m?

Variation of parameters was carried out in the ranges
presented in Tab. 2.
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Table 2 Range of variation of factor features during the implementation of
simulation modeling of harvester operation

Variation levels
Symbol 1 2 3 n
0 50 120 190 260
ki 0,2 0,4 0,6 1
K, 0 150 300 450
V 0,2 0,7 1,2 1,7

In the course of simulation modelling, the influence of the
enumerated factors on a specific component of the harvester
cycle time was evaluated. This element was defined as the
average time taken by the harvester to move between
working positions while feeling a single tree (Zer), sec.

3 RESULTS

As a result of the simulation, a regression model (1) was
created to predict the average time it takes for the harvester
to move between working positions during selective logging:

L [dy +ki(d, +d:0+dsK,) + K, (dy +d,0) | 1
per — le-Vd6 . ( )

The results of calculating the coefficients of the
regression equation and their confidence intervals are shown
in Tab. 3. The results of the table indicate the statistical
significance of the coefficients included in the regression
model. The calculated indicator P is the value of all
coefficients less than the level of statistical significance
(0.05). The critical value of the Student's t-test, equal to 1.96,
is less than the calculated values of this indicator for any of
the coefficients of the regression equation. All the found
values of standard errors are less than the modules of the
values of the coefficients of the final equation corresponding
to them.

Table 3 Conducting statistical analysis of the significance of the regression
coefficients per tree

harvester to move between harvesting positions for each tree
is contingent upon variations in the variables incorporated
into the regression model. This dependence is not accidental.

ﬁ Results: Simulation experiment ? X

Hodel is: v7=(b0+bl*v2+b2*v3+b3*vltv2+b4*vitv3+bS*v2+v3)/(vl*v2*vi~bE)

Dependent variable: t n/y FIl
Loss function: (CBS-PRED)**2
Final value: 431,325412€5

Proportion of variance accounted for:

Independent variables: 4

89€027085 R= 54€587074
' ' LB

Figure 2 Results of building regression model

The calculated value of the significance level is less than
the set value of 0.05. Therefore, the calculated indicators of
statistical processing of the average time of moving of the
harvester between working positions per tree, presented in
Tab. 4, indicate the significance of the coefficient of
determination.

Table 4 Analysis of variance
Sum of Squares df | Mean Squares | F-value | p-value
Regression 265067 7,0000 37866,8 17294,8| 0,00
Residual 431,3 197,00 2,19
Total 265499 204,000

The construction of a normal probabilistic graph (Fig. 3)
allowed us to conclude that there were no systematic
deviations of the results of regression modeling from the
theoretical normal line. All points (residuals) on the graph are
close to the line expected for normally distributed residuals.

3

Estimate | Std. Err t-test P-value | -95% CL | +95% CL
do | 1474,823 | 13,849 106,495 | 0,0000 | 1447,512 | 1502,134
dy | -305,263 | 40,764 -7,489 | 0,0000 | —385,652 | —224,873
d, | —0,28227 | 0,06518 | —4,33041 | 0,0000 | -0,411 0,154
d; | 0,937587 | 0,248288 | 3,776211 | 0,0002 0,448 1,427
dy | 0,001719 | 0,000332 | 5,183645 | 0,0000 0,001 0,002
ds | 0,864121 | 0,129283 | 6,683950 | 0,0000 0,609 1,119
ds | —0,893 0,007 -126,354 | 0,0000 | -0,907 -0,879

2 g
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Figure 3 Normal probabilistic graph
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Statistical processing of the results at the level of
significance of 0,05 according to the Kohren criterion proved
the possibility of reproducibility of the obtained values. The
computed value of the Coherent coefficient invalidating the
mean time of the harvester’s movement between operational
sites per tree was G = 0,007. This value did not exceed the
critical table value of the Kohren coefficient equal Gy, =
0,011. The ratio G, < Gy, made it possible to conclude that
the variances are homogeneous.

The multiple coefficient of determination R? of the
nonlinear model was 0,896 (Fig. 2). This value serves as an
indication that the alteration in the meantime taken by the

50
40

No of obs

30
20
10

0 —m | |
7 6 64324012 3 45 6
Figure 4 Histogram of residue

The histogram of the data presented in Fig. 4 also serves
as a visual confirmation of the proximity of the distribution
of harvester movement times between harvesting positions
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per tree to a normal law distribution.

In Fig. 5 presents comparative analysis of the predicted
and observed values. In Fig. 6 shows graph of the predicted
values and residues. Analysis of the graphs allows you to
note only a slight discrepancy between the results recorded
on the simulation and regression models. Graphs make it
possible to declare the adequacy of the regression equation
with the results of computer simulations.

120

00| o8
(o]

(o]
80! &
®
60 fotg
40|
N /

0.
-20 - - . . | .
-20 0 20 40 60 80 100 120

Predicted Values
Figure 5 Comparison of predicted and observed values

-

Observed Values

The picture shows how the change in the average time it
takes for the harvester to move between trees changes in
different natural conditions is presented on three-
dimensional graphs (Fig. 7).

Residual Values

-20 0 20 40 60 80 100 120
Predicted Values

Figure 6 Graph of predicted values and residues

The analysis of the data presented in Fig. 7 reveals a
steady growth in the time required for the harvester to
moving between harvesting positions for each individual tree
as the average volume of the tree stem increases and the same
average wood reserves per hectare (with a decrease in the
number of trees in the cutting area). However, this increase
in time has the most significant impact on the operating time
of the machine, only with selective cutting in cutting areas
with less than 40 percent of the timber volume being cut
down (Fig. 7a).

The main factor that affects the analyzed element of the
harvester's cycle time is the proportion of non-target tree
components during cutting (Fig. 7b, 7c, 7d). This is because
areduction in the number of trees being cut results in a longer
total travel time for the harvester in the cutting area, when
calculated per tree.

The quantitative indicators of undergrowth within the
cutting area have an impact on the average time taken by the
machine to move between working positions for each

individual tree. This occurs only when the proportion of
cutting trees decreases and the dimensional specifications of
the trees designated for felling increase, with a constant
average supply of wood per hectare (Fig. 7c, 7d). In such
cases, due to an increase in the quantitative indicators of the
undergrowth at the cutting, the increase in labor costs can
reach 50% of the minimum recorded in the construction of
the graphs of the analysis results.

ki 015 gy3
ter 015 pa3 0,72 E Tper ’
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Figure 7 The diagrams depict the fluctuations in the mean travel time of the
harvester between harvesting positions per tree

4 DISCUSSION

Substantiation of the effectiveness of the use of logging
machines is an important and responsible task facing the
owner of any logging and forestry enterprise. The impact of
natural and climatic factors on the efficacy of operations
within the timber extraction sector is substantial. So, the
correct selection of logging machines is currently of great
importance [19]. Of particular relevance is the imitation of
technological processes of logging operations when
analyzing the tasks of using modern multioperative
equipment. In most cases, standards for calculating
efficiency and labor rationing have not yet been developed
for this equipment when planning the activities of enterprises
in changing environmental conditions [20, 21]. The
introduction of forest harvesters in the technological process
of logging operations sets itself a wide range of tasks to
improve the efficiency of their use [22, 23]. According to
many prominent scholars, the processes of managerial and
organisational decision-making, as well as the establishment
of labour standards and the development of regulatory
documentation, can and should be automated. This should be
done based on the specific type of logging operation, the
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qualitative and quantitative features of the cutting area, and
the technical specifications of the equipment employed, with
utmost regard for random natural and operational variables
[24, 25].

A critical examination of the existing body of research in
this field reveals that the studies conducted by other scholars
frequently employ simulation modelling to investigate the
functioning of forest harvesters [26-28]. The simulation
models developed by them, provided that the researcher has
access to the appropriate software, can be executed
repeatedly to analyse the performance of the harvester under
various environmental conditions. They make it possible to
mathematically substantiate various parameters of the
harvester's operation technology. But in order to use these
software developments, it is necessary for developers to
provide open access to the use of their simulation models. In
addition, when using each specific simulation model, it is
necessary to train users to achieve research results. All this
makes it advisable for developers to create of various
mathematical dependencies based on the results of multiple
experiments on their models. Obtaining mathematical
dependencies is a rational result of analyzing the operation of
machines in the process of simulation modeling of a number
of scientists from different countries. The developers of
existing models focus readers' attention primarily on finding
such important elements of the harvester's work as
productivity and cycle time with a diverse combination of
natural and industrial factors [29, 30] A number of scholars
set forth more intricate objectives and dissect the overall
duration of processing a single tree into distinct components
of the processing cycle time. Most scientists divide the time
it takes to process a tree trunk into 5 or 7 main parts [31, 32].
Some of them depend only on the parameters of the trees
being processed and the technical characteristics of the
harvester. They can be described by mathematical
dependencies that do not require a simulation process. These
include mathematical dependencies for determining the time
of cutting down a tree, bucking the trunk, and dragging the
trunk through the knives of the harvester head [33, 34]. But
there are other elements of the cycle time that depend not
only on the characteristics of the machine, but also on the
relative position of the trees in the forest. Such indicators are
random variables and multiple experiments are necessary to
determine them. Specifically, the analysis has led to the
conclusion that at present, there are no mathematically
derived relationships available for determining the average
time taken by a harvester to move between harvesting
positions for harvesting a tree in diverse natural settings.

The data clearly indicates a rise in the average time
required for the harvester to move to each new position,
coupled with a reduction in the number of trees felled within
a given area and an expansion of the distance between
individual trees. However, during the experiment it was
noted that during selective logging, the harvester operator in
some cases has to simultaneously move the harvester along
the fiber in the opposite direction with the movement of the
manipulator. This is done in order to minimize damage to the
remaining trees when they are moved to the processing area.

Moving the harvester in the opposite direction subsequently
increases the distance traveled by the harvester when moving
forward to the next working position and, in general, the total
distances of the harvester's movements along the cutting area.
This demonstrates that not only does the quantity of trees that
are felled affect the average time required for a harvester to
move between work sites, but also does the number of
remaining trees remaining for rearing.

Existing models cannot be applied to find this indicator.
As a result, many researchers recommend only a certain
range of values for this indicator, regardless of the type of
logging and working conditions in the forest [31-35]. This
significantly reduces the accuracy of calculations when
justifying the desired parameters. Furthermore, the dearth of
theoretical data necessary to verify the metric of the mean
time spent by a harvester traversing between operational
positions during various types of logging operations
precludes the analysis of the impact of external technical and
technological variables on this metric across a spectrum of
the stand thinning intensities.

5 CONCLUSION

Thus, according to the authors of the article, this study
improves the current state of knowledge in comparison with
existing studies. The presented mathematical relationship
presented herein is novel, enabling us to accurately and
convincingly account for the variation in the time taken for a
harvester to move between work positions in diverse
configurations of factors at a logging site. It has practical
significance for the forestry industry. The introduction of
novel mathematical correlations elucidating the impact of
extrinsic variables on the performance of a harvesting
machine will enhance the efficacy of devising logging
techniques and scrutinizing their ultimate operational
metrics. The results can be used by research organizations in
planning the production process of logging operations.
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Impact of Infill Pattern Design on Stress-Strain behaviour of 3D Printed Parts

Rrahim Sejdiu, Xhemajl Mehmeti*, Flamur Salihu, Labinot Topilla, Drin Krasniqgi, Mohamad EI Mehtedi, Agron Baraktari

Abstract: Compared to some conventional manufacturing processes, the properties of additive manufacturing parts can depend on the structural and manufacturing process
parameters, rather than just on the type of materials used. The purpose of this paper is to evaluate the tensile mechanical properties of the components printed with a 3D printer
by changing the design of the infill pattern. The study presents the data of 13 (by 3 tests for each form of filling) different infill pattern designs, prepared and tested according to
the 1SO 527-2:2012 standard. The samples were analyzed according to the paired sample tests, considering the weight and the results of the tests, as well as the impact of the
infill pattern on the test results. Significant differences were observed among the samples in terms of engineering stress and strain. The line infill pattern demonstrated better
results in the engineering strain whereas the concentric infill pattern yielded superior values for engineering stress. Regarding ultimate tensile strength, concentric infill pattern
shows significantly higher results than all other samples. Taking into consideration the results of the samples, it is concluded that there are significant differences between the
design of the infill pattern and the other analyzed studies, which should be considered depending on the intended use of the 3D printed elements.

Keywords: infill pattern; tensile strain; tensile stress; tensile strength; 3D printing

1 INTRODUCTION

The 3D printing industry has taken a huge leap of
development in recent years. This technique involves
producing solid objects from digital files, which has garnered
the attention of various industries, along with the scientific
and academic communities. The development trend of this
technology is versatile, and it is difficult to accurately predict
the future of its development. This is because 3D printers are
successfully utilized across various fields such as medicine,
engineering, architecture, construction, and design [1-3]. The
easy and fast possibilities of printing complex shapes [4],
have made this technology develop rapidly in all branches of
industry [5]. The global 3D printing market is estimated to be
worth USD 20.37 billion in 2023, and according to CAGR
(Compound Annual Growth Rate) prediction, the 3D printing
industry will grow by 23.5% from 2024 to 2030 (Horizon,
2024).

The advantages of 3D technologies allow not only
researchers and experts, but also passionate individuals who
use 3D printers to easily produce prototypes of their ideas,
since 3D printing greatly simplifies prototype production.
This technology has reduced product design and
manufacturing processes from weeks to days or even hours.

With the increase in popularity of 3D printing
technologies, different materials have been developed which
comprise a wide range, including: PLA (Polylactic Acid),
ABS (Acrylonitrile Butadiene Styrene), PETG (Polyethylene
Terephthalate Glycol), TPU (Thermoplastic Polyurethane),
Nylon, Carbon Fibre Filled Filaments, and Wood-Filled
Filaments [6].

The most commonly used materials in 3D printing are
polymers, due to their versatility, low cost, ease of use and in
some cases, environmental friendliness [7, 8]. These
materials can be melted and extruded into different shapes
[9]. Polylactic Acid Composites (PLA) are one of the most
widely used raw materials for 3D printing, mainly because of
their environmentally friendly characteristics, low cost, high-
quality printed surface, and properties that are relatively

similar to those of other commonly used printing materials
[7].

Due to variety of use and growing trends of 3D printing
products [10], it is important to understand their mechanical
properties. During practical applications, products must
withstand different levels of mechanical loads, therefore, it is
important to know the durability of parts for each application
[11].

According to the ASTM F2792 standard, 3D printing
technologies are divided into seven groups, including: the
binding jetting, directed energy deposition, material
extrusion, material jetting, powder bed fusion, sheet
lamination and vat photopolymerization [12, 14].

The mechanical properties of materials that are
determined experimentally are very important during the
product design phase.

The most frequent causes of structural failures generally
are divided into two categories:

1) Negligence during the design, construction or operation
of the structure and,
2) Applying new design or new materials, which may show

unexpected results [15].

The test results are used to determine the dimensions of
elements produced, as well as the domain of their use. In
general, one of the most important mechanical properties of
materials is their stability when subjected to tensile stress.
The test results are used to determine the appropriate material
that fulfills specific needs and to predict the behaviour of
products to mechanical loads. The mechanical properties
measured are yield strength, tensile strength, elongation and
modulus of elasticity [16].

Various studies show that the mechanical properties of
products printed with 3D technologies vary depending on the
printing parameters, which include: Shell (wall thickness),
speed of print, material (printing temperature, type of
materials), and infill (density, patterns, infill line distance [5,
7, 14, 17-20] etc. Furthermore, extruder temperatures, print
platform (bed) temperature, extruder head diameter, and print
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head closure [21] are also important factors influencing the
mechanical properties of printed parts.

By carefully selecting the right combination of
parameters in the printing process, it becomes possible to
produce products with the best characteristics.

Taking into account the many factors that affect the
mechanical properties of printed products, this paper’s
primary objective is to investigate the impact of infill patterns
on the mechanical properties of products printed with
1.75mm PLA filament using 3D printers. Furthermore, the
aim of the study was to investigate the samples built from
similar material for different structural design. Tensile tests
were used in order to identify the strain, deformations and
Young's Modulus of the samples for different loads.

During 3D printing, various factors, (such as material
type, printing speed, print head diameter, printing
temperature, and layer deposition) affect the mechanical
properties of the printed parts, which can also vary based on
the infill pattern. The infill pattern plays an important role in
durability, weight and print time. It can vary depending on
many parameters, including design, density and print speed.
Furthermore, depending on the types of printers and the
software available on the market, a considerable number of
infill patterns exist.

2 MATERIALS AND METHODS (EXPERIMENTAL PART)

Poly Lactic Acid (PLA) material was used for printing
the samples. According to ISO 1183 and GB/T 1033 standards,
the density of this type of material, measured at 21 °C, is 1.17
g/cm?. The material used in the study is "pine green"
produced by 3DHUB Company, with a diameter of 1.75 mm.
G-codes samples were generated using Creality Slicer 4.8.2.
and were printed on the Eder-3 V2 Neo printer (Fig. 3a).
Based on the equation b Tab. 1, the length of 1, is calculated
to be 109.33 mm; 109 mm is acquired. Infill pattern designes
used in this study was carried out according to the standard
ISO 527-2:2012, Figs. 2a, 2b and 2c. The paper presents the
test results for 39 samples (3 samples for each type of infill
pattern) that were produced using the same printing
parameters, except for the infill pattern (Fig. 1a - 1m), which
analyzes 13 different forms of infill patterns offered by the
printer software. Apart from the infill pattern parameter,
other parameters for all samples were constant: standard
quality 0.2 mm; wall line count 2; top and top/bottom (outline

thickness) thickness 0.8 mm; top/bottom (outline thickness)
layers 4; top/bottom pattern — line; infill density 30 %;
printing temperature 215 °C; built plate temperature 60 °C;
print speed of 50 mm/s; infill speed 60 mm/s; and travel
speed of 120 mm/s.

m

i k

a b [ d e T g h i 1
Figure 1 Infill pattern design (top and side view): a) Grid, b) Line, c) Triangle, d)
Trihexagon, e) Cubic, f) Cubic Subdivision, g) Octet, h) Quarter Cubic, i)
Concentric, j) Zig Zag, k) Cross, ) Cross 3D, m) Gyroid.

The tests were conducted using the WDW-50Y Stiffness
Testing Machine in the laboratory of "FERPLAST", a
company that produces plastic pipes and is certified
according to the SK EN ISO/IEC 17025:2018 standard.
Sample testing was done according to the ISO 527-2-2012
standard. Prior to the start of the tests, the samples were
placed in the test environment which were prepared
according to the ISO 9969 standard.

Table 1 Specimen dimensions according to ISO 527-2:2012

Specimen type 1A (mm) 1B (mm)

55 | Overall length 170.0 >150.0
I, | Length of narrow parallel-sided portion | 80.0+2.0 | 60,0 +0.5
r | Radius 240+1.0 | 60,0+0.5
L Dist_ance between broad parallel-sided 109332 | 1080+ 1.6

portions b
b, | Width at ends 20.0+£0.2
b, | Width at narrow portion 10.0+0.2
h | Preferred thickness 4.0+£0.2

Gauge length (preferred) 750405
Ly | Gauge length (acceptable if required for : : 50.0£0.5

- . 50.0+0.5

quality control or when specified)

L | Initial distance between grips 115+1 115+1

a) The recommended overall length of 170 mm of the type 1A is
consistent with ISO 294-1 and ISO 10724-1. For some materials, the
length of the tabs may need to be extended (e.g. /5 =200 mm) to prevent
breakage or slippage in the jaws of the testing machine.

b) L =1, + [4r(b — b)) — (by — b1)2]1/2, resulting from /,, r, b, and b,, but

within the indicated tolerances.

NS

Figure 2 a) Speciment design, b) and c) speciment in Creality software
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Table 2 Average weight of printed samples (g) according to infill pattern.

Weight of samples
Grid | Lines | Triangle | Tri_hexagon | Cubic | Cubic subdivision | Octet | Quarter cubic | Concentric | Zig zag | Cross | Cross 3d | Gyroid
Meang |5.878 | 5.882 | 5.895 5.883 5.792 5.654 5.487 5.884 5.765 5870 |5.821 | 5.722 5.932
Std. Dev | .1328 | .1233 | .0575 .1028 .1078 .0855 .3430 .1036 .0923 2097 |.0751| .0862 .0880
Figure 3 a) Printing samples; b) Weighing the samples; c) Printed samples; d) Specimens during tensile testing; e) Tested samples (broken)
Table 3 Average of samples tested according to infill pattern
= > .2
) S A 3 = o
=N N T I - O T - O O B -
S = £ < S 2 S 2 g £ 5 2 &
= [E é 3 8 N @]
Sample ID 1 2 3 4 5 6 7 8 9 10 11 12 13
Width (mm) 9.9 10 10 10 10 10 9.9 10 10 10 10 10 10
S, (mm?) 37.6 38.0 38.0 39.0 39.0 39.0 37.6 39.0 39.0 39.0 39.0 39.0 39.0
Strain—Force (kN) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.2
Yield Stress oy (MPa) 20.1 19.2 22.0 20.8 22.0 21.5 19.4 20.2 25.4 19.0 18.8 19.7 20.3
Break Force F}, (kN) 0.7 0.7 0.7 0.6 0.8 0.8 0.7 0.8 0.9 0.7 0.6 0.7 0.8
Elongation at Break e, (mm) 24 3.4 3.2 3.1 3.5 4.0 2.8 3.4 4.1 3.2 2.8 3.5 4.7
E, (MPa) 646.0 617.8 621.3 639.3 628.0 585.3 650.3 639.8 734.8 641.5 623.8 642.2 640.7
Thickness (mm) 3.8 3.8 3.8 3.9 39 3.9 3.8 39 3.9 3.9 39 3.9 3.9
L, (mm) 50 50 50 50 50 50 50 50 50 50 50 50 50
Set Strain x (%) 1 1 1 1 1 1 1 1 1 1 1 1 1
Grid 0.8 0.7 0.8 0.8 0.9 0.8 0.7 0.8 1.0 0.7 0.7 0.8 0.8
Yield Strain e, (%) 4.8 4.7 6.7 5.7 6.4 6.4 4.2 6.8 6.4 4.8 4.5 5.5 4.7
Break Stress sb (MPa) 19.7 18.9 17.3 14.3 19.5 21.0 18.3 19.8 23.6 18.7 15.6 19.1 19.2
e, (%) 4.8 6.9 6.4 6.2 7.1 8.1 5.5 6.9 8.3 6.5 5.5 7.0 9.3
Mass (g) 5.7 4.4 3.6 5.1 28.0 43 5.6 4.8 5.5 54 5.4 5.6 5.1
Table 4 Paired sample test according to Weight and Ultimate_Tensile_Strength_MPa; Engineering_Strain_mm; Strain_Force_kN; Break_Stress_Sb_MPa;
Elongation_eb_percent; Tensile_Modulus_Et_MPa
Paired Samples Test
Paired Differences
Std. Std. Error 95% Conﬁd;nce Interval p df Sig.
Mean L of the Difference (2-tailed)
Deviation Mean
Lower Upper
Pair 1 | Weight gr - Ultimate Tensile Strength MPa —14.663 2.002 .555 -15.872 —13.453 | 26414 | 12 .000
Pair 2 | Weight gr - Engineering_Strain_mm 5.746 120 .033 5.673 5.818 172.350 | 12 .000
Pair 3 | Weight _gr - Strain_Force kN 5.580 .130 .036 5.501 5.658 154.869 | 12 .000
Pair 4 | Weight gr - Break Force Fb kN 5.076 .166 .046 4.976 5.177 110.020 | 12 .000
Pair 5 | Weight gr - Break Stress Sb_MPa —13.045 2.337 .648 —14.457 —11.633 | —20.129 | 12 .000
Pair 6 | Weight gr - Elongation_eb_percent —1.003 1.229 341 —1.745 -.260 —2.943 12 .012
Pair 7 | Weight gr - Tensile Modulus_Et MPa —633.464 33.400 9.264 —653.648 —613.281 | —68.383 | 12 .000
p <0.005

After conducting the experimental tests, calculations

strain curves were generated using equations ISO 527-2:2012

were performed to optimize the process, simulate different [22].

scenarios, and compare the results. The calculation focused

on engineering stress and strain. First, the engineering stress- Song = i, Engineering stress (1)
0
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eng . Engineering strain

@)

As shown in Tab. 4, the statistical analysis using the
"paired sample test" demonstrate that most pairs (except
Weight gr - Elongation eb percent) show statistically
significant  differences between weight and other
characteristics of the analysed samples.

3 RESULTS AND DISCUSSION

As can be seen from Tab. 3, there are obvious differences
between the infill pattern and the results obtained from the
testing of the samples.

The statistical analysis using the "paired sample test" on
the paired samples (Tabs. 4 and 5.) show statistically

significant differences between weight and other analyzed
properties; the same differences are found for infill pattern
and other analyzed properties. As can be seen, in Tab. 4, only
weight and Elongation do not show statistically significante
difference; in Tab. 5, infill pattern and weight and infill
pattern and elongation do not show statistically significant
differences, suggesting that these three variables are more
stable and similar to the Infill Pattern.

3.1 Experimental Engineering Stress-Strain Results

Figs. 4a, 4b, 4c, 4d, and 4e graphically present the
experimental results in regard to stress strain engineering for
specified samples. In this case, the comparisons focus on
samples with varying internal structural designs but can be
considered and grouped as samples with approximately
similar internal design.

Table 5 Paired sample text according to Infill pattern and Ultimate_Tensile_Strength_MPa; Engineering_Strain_mm; Strain_Force_kN; Break_Stress_Sb_MPa;
Elongation_eb_percent; Tensile_Modulus_Et_MPa.

Paired Samples Test
Paired Differences
95% Confidence Interval Sig.
Mean L Std. Error of the Difference ! da (2-tailed)
Deviation Mean
Lower Upper
Pair 1 | Infill pattern - Ultimate Tensile Strength MPa | —13.468 4.636 1.286 -16.269 —10.666 -10.473 | 12 .000
Pair 2 | Infill pattern - Engineering_Strain_mm 6.941 3.898 1.081 4.585 9.296 6.419 12 .000
Pair 3 | Infill pattern - Weight gr 1.195 3.910 1.084 —1.168 3.558 1.102 12 292
Pair 4 | Infill pattern - Strain_Force kN 6.775 3.888 1.078 4.426 9.124 6.283 12 .000
Pair 5 | Infill pattern - Break_Force Fb kN 6.271 3.881 1.076 3.926 8.616 5.827 12 .000
Pair 6 | Infill pattern - Break Stress Sb_MPa —11.850 4.296 1.192 —14.446 —9.254 —9.945 12 .000
Pair 7 | Infill pattern - Elongation_eb_percent .192 3.516 975 -1.932 2317 0.197 12 .847
Pair 8 | Infill pattern - Tensile Modulus Et MPa —632.269 32.676 9.063 —652.015 —612.523 —69.766 | 12 .000
p< 0.005
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Figure 4 Comparison of samples grouped according to design approximately similar to internal structure mm/mm.
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Therefore, their division into groups was made by
categorizing them based on their internal shape and
comparing them among themselves; comparisons were made
for engineering stress strain, where the Fig. 4a shows the
comparative results for the samples named Line, Concentric
and Zig-Zag, in Fig. 4b the comparative results for Triangle,
Hexagon and Cubic samples are presented. Fig. 4c shows the
comparative results for the Octet and Quarter Cubic samples,
while Fig. 4d shows the comparative results for the Grid and
Cubic Subdvision samples, and Fig. 4e shows the
comparative results for Cros, Cros 3D and Gyroid samples.

The graphical presentation of the engineering stress-
strain curves for the buried samples shows that, with the
exception of Fig. 4a, the sample labeled Zig-Zag has a
significant difference in terms of stress and strain. In contrast,
almost all the lower groups have results that are very close in
terms of stress and strain.

3.2 Comparison Results of Ultimate Tensile Strength and
Engineering Strain

Comparisons of the results for each sample were made
separately for ultimate tensile strength (UTS), expressed in
MPa, and for engineering strain, expressed in mm.

27 ~

%)
=
1

21 4

20 4

Ultimate Tensile Strength (MPa)

T T T T 1

Lo '@ e 49 &
SFTE S ELF T f} F”
x5
¢ &
Specimens

Figure 5 Comparison of samples for Ultimate Tensile Strength (MPa)

Fig. 5 graphically presents the comparative results for
Ultimate Tensile Strength (UTS) for the tested samples. It is
evident that the highest UTS is presented in the Concentric
sample, followed by the Triangle and Cubic samples. In
contrast, samples like Hexagon, Gride Line and Gyroid show
very similar UTS values. The lowest UTS is found in the
Quarter Cubic, Cubic Subdivision, Octet, Cross 3D, Zig-Zag
and Cross samples.

Fig. 6 graphically presents the engineering strain results
for all samples. In this comparison, the Line infill pattern
sample shows a more emphasized elongation than the other
samples, while the Concentric, Triangle, and Cubic samples
appear to have nearly similar elongation. Whereas samples
with approximately similar extension, but lower than those
mentioned are Hexagon, Gyroid, Quarter Cubic, Cubic

Subdivision, Cross 3D and Zig-Zag. The samples showing
the lowest extension are Grid, Octet, and Cross. It is
important to note that samples demonstrating a more
pronounced elongation do not mean that they have or should
have a higher UTS because in this case, the main factor is the
internal structural design. Additional statistical comparisons
are presented in Tabs. 4 and 5.
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Figure 6 Comparison of samples for Engineering Strain mm/mm

4 CONCLUSIONS

Based on the results of the tested samples, it can be
observed that the infill pattern has a particular importance
during 3D printing for products that are subject to tensile
forces. As seen in Tabs. 4 and 5, most of the samples show
statistically significant changes both for the weight of the
samples and the infill pattern. The engineering experimental
results for stress-strain (Fig. 4) indicate that there are
differences among the tested samples as this is evident within
the infill pattern groups that are considered roughly similar.
Changes were observed in both Engineering Strain (mm) and
in Engineering Stress (MPa). Fig. 5 demonstrates that the
Concentric filling form shows much higher results in
Ultimate Tensile Strength. Meanwhile, Fig. 6 shows that the
Line infill pattern displays significantly greater results in
engineering strain (mm).
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Safety Management at Tower Crane in Construction Site

Sangchul Kim, Seunghyun Yeo, Seok-Heon Yun*

Abstract: Tower cranes are critical in high-rise construction but present significant safety risks due to their structural characteristics and operational complexity. This study analyzed
73 serious tower crane accident cases reported to the Korea Occupational Safety and Health Agency between July 2012 and July 2020. A mixed-methods approach was applied,
combining quantitative accident data analysis with surveys and expert interviews. Statistical proportions were calculated to identify high-risk factors. Lifting operations accounted
for the highest proportion of accidents (45.3%), with falls being the most common disaster type (35.8%). The leading cause of accidents was non-compliance with safe work
procedures (38.8%). Survey and interview findings highlighted insufficient training, lack of standardized signal protocols, and limited on-site safety supervision. Strengthening
training programs, standardizing signal operations, and enforcing systematic safety management can significantly reduce tower crane accidents. Policy recommendations and a

framework for continuous monitoring are proposed.

Keywords: construction site; disaster case; safety accident; securing safety; tower crane

1 INTRODUCTION

Tower cranes are indispensable for modern high-rise
construction, enabling the lifting and transportation of heavy
materials where mobile cranes are impractical [1, 2].
However, their unstable superstructure and operational
hazards contribute to a persistently high accident rate.
According to the Korea Occupational Safety and Health
Agency (KOSHA), an average of 6.55 fatalities occur
annually in tower crane operations [3]. Although tower
cranes offer high work efficiency and excellent operability
on construction sites, they continue to be associated with
frequent major accidents each year, becoming a persistent
social issue. This is largely due to the inherent difficulty for
safety personnel, such as safety managers and on-site
supervisors, to easily access and systematically manage the
entire lifecycle of tower crane operations—from installation
to dismantling. Recent research highlights that current safety
management practices remain fragmented across the pre-
construction, construction, and post-construction phases. A
comprehensive study emphasized the need for integrated
safety technologies, including proactive planning tools, anti-
collision systems, and stability control mechanisms, to
address these persistent safety gaps and improve the overall
management of tower crane operations [4, 5].

The scope of this paper is to identify the type of accident
by analyzing serious accident cases related to tower cranes
(2012-2020). In addition, it is intended to investigate the
safety and work status of tower cranes through analysis by
referring to external data that conducted surveys and
interviews with tower crane drivers. As a result, we would
like to suggest ways to improve safety management for tower
crane work in domestic construction sites.

The research methods are as follows.

1) It identifies research trends on safety management of
tower cranes through domestic prior papers and
literature.

2) The type is identified by analyzing the current status of
major disasters related to tower cranes from 2012 to
2020.

3) By analyzing through Excel by referring to external
surveys and interview results, the work environment and
problems of the site are identified.

4) Through the analysis of the current status of major
disasters in tower cranes and the survey results of
workers, measures to improve the parts necessary for
systematic safety management of tower cranes are
presented.

2 THEORETICAL BACKGROUND
2.1 Literature Review

The review of previous studies in this study is as follows.
Jeon (2013) presented basic data for safe equipment
operation by evaluating risks through investigations of
accident cases that occurred at the site and presenting
accident cases by grade to reduce accidents caused by
construction equipment with a Study on Risk Assessment for
Reduction of Safety Accidents in Construction Equipment
[6].

Lim (2012) analyzed whether users related to power
cranes used in the field acquired national qualifications and
their influence through empirical analysis of tower crane
disaster prevention factors, and suggested ways to improve
national qualifications by analyzing the effect of tower crane
qualifications on site disaster prevention [7].

Shim (2011) establishes a model for the safety diagnosis
management system by analyzing the disaster factors of the
tower crane with <a study on the domestic construction site
tower crane safety diagnosis management system model>
and confirms the effectiveness and efficiency generated
through the system development. In addition, a case was
presented to check the state of the tower crane through a
remote system and to establish the field situation as a real-
time monitoring diagnosis system [8].

Park (2012) is a Study on the Development of Algorithm
Model for the Stability Review of Upward Tower Crane [9].
When installing a tower crane, an appropriate crane can be
selected through data analysis of the crane, and through this
data, the person in charge of installation can relieve anxiety
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about the crane and secure stability. And through this
method, the expected effect of reducing construction costs
and securing the crane installation person in charge directly
reviewing the crane's equipment appropriateness was
presented [10].

While prior studies have addressed mechanical safety

and risk assessment domestically, there is limited research
integrating operational, managerial, and training factors,
particularly in the context of international safety standards.
This study addresses this gap by analyzing accident cases and
surveying industry stakeholders to identify key areas for
safety improvement.

T-type Tower Crane

Luffing Crane

Topless Crane

e LAY,k TN YT AT Vi
EEy

T T
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2.2 Overview of Tower Crane

A tower crane is a construction equipment belonging to
a construction machine crane, and it is a crane with the
characteristics of a three-dimensional exercise work that
moves up and down, moves forward and backward along the
trolley, moves forward and backward, and rotates the upper
part to move the salvage to the desired location [11]. In
general, a tower crane can adjust the height of the tower,
providing the convenience of double work that is
continuously required in places where it is difficult to
construct structures and use mobile cranes that change the
height of the workplace as the field work process progresses.
Depending on the model, it is widely used for narrow space
work and high-rise construction work in urban areas. Tower
cranes are designed to be used appropriately according to the
purpose of use and are generally classified according to their
appearance. Tower cranes are largely divided into three
categories: T-type, L-type (LUFFING JIG), and Topless
cranes, as shown in Fig. 1. The "T-type" tower crane is the
main form of the tower crane, and the jib is fixed and is
mainly used when there are no obstacles within the working
radius. In the event of interference with other buildings
during construction, the "L-type" tower crane can move work
like a mobile crane by moving the jib up and down with the
selected equipment. A topless crane is a crane without a top
and is used for lifting heavy objects or when there are
problems such as altitude restrictions.

2.3 Safety Rules for Tower Crane Work

Safety rules form the foundation of safety management
activities. True safety can only be achieved when both
employers and workers fully comply with these rules. In the
context of crane operations, safety protocols can be
categorized into several core areas: general work rules, rules
for operation in strong winds, tower crane electric shock
prevention measures, driving safety protocols, and signal

|
Figure 1 "T-type" and "L-type tower crane", Topless crane

safety procedures [12]. Recent studies also emphasize the

importance of incorporating dynamic environmental

factors—especially wind forces—into crane safety

management. Wind-induced pressure can significantly affect

the crane's operational stability, control accuracy, and lifting

torque. Therefore, real-time control adjustments are essential

to prevent tipping and ensure safe load handling [13].
Based on these categories and engineering insights, the

following safety rules are recommended for crane work:

1) Observe the matters specified in the safety rules, such as
overload and limitation of inclination angles

2) Ensure transition and take necessary action in case of
user replacement

3) To lift the crane, use the designated ladder

4) Check wire ropes, clutches, controllers, brakes, etc.
every day before starting work

5) When driving the crane, illuminate the horn or horn to
notify

6) Safety signs must be attached during repair inspection

7) In case of winding, work is carried out by keeping the
cargo straight at the center of the hook

8) Care must be taken to ensure no workers are on board the
cargo

9) Crane users must drive in accordance with the signal of
the signal count

10) No rapid movement while driving

11) If it stops while driving, place the controller in the stop
position and lower the main switch to check the stop

12) Prohibited inspection, feeding oil, etc. while driving

13) Do not leave the driver's room. If you leave, make sure
to lower the switch to stop.

Integrating environmental considerations—such as wind
gusts, load swing dynamics, and torque control—into these
procedural rules enhances crane safety and performance.
Such an approach is especially important for high-risk
conditions often encountered in large construction or
offshore environments [13].
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2.3.1 General Working Rules

1) Crane users and signal numbers are checked for daily
safety checks before work and recorded in the log for
maintenance (reported to the management supervisor if
abnormalities are confirmed)

2) Check the signal between the crane user and the signal
number and operate the equipment when there is no
abnormality

3) Crane users wear prescribed safety helmets, clothing,
seat belts, and safety shoes

4) Management supervisor checks the health status of the
crane user and reflects it in the work arrangement

5) Stretching before work, and strict eating and resting time
to prevent accumulated accidents from occurring due to
work fatigue.

2.3.2 Rules for Strong Winds

1) During work, crane users and signal numbers are
frequently checked for weather changes, decelerate in
the event of strong winds, and be careful not to push the
work in the direction of the wind

2) Crane stops working at wind speed of 15m/sec or more

3) Operate according to the instructions of the person in
charge of management during the emergency process

4) Refer to the weather information in advance and take
measures in accordance with the safety manual in the
event of a bad weather.

2.3.3 Tower Crane Electric Shock Prevention Rules

1) Distribution panel box for managing the electrical
ground wire of the crane, main line installed on the
fixture and avoiding connections to places where there is
frequent movement

2) Double installation of the electrical ground wires of the
tower crane, avoid installation in rusting areas and
painting areas, and attach classification stickers

3) When installing or disassembling the electric ground
wire of the tower crane, it must be requested to the
person concerned with the electricity to carry out the
work.

2.3.4 Safety Rules for Tower Crane Operation

1) Crane operation must be operated only by licensed
authorized persons, and it is prohibited to operate
arbitrarily without the signal of the number of signals

2) Stop operation and report to the administrator if there is
an abnormality in the overload protection device or
machine room during operation

3) Prohibition of rapid operation, such as rapid acceleration
and sudden acceleration when driving

4) When driving and turning cranes, check for obstacles in
the direction of movement of cranes and conduct driving
and turning

5) Avoid unidentifiable levels of tinting in the driver's

compartment, such as coffee pots, DMBs, radios,
laptops, etc., which can interfere with operations.

2.4 Risk of Tower Crane Work

Tower crane work is used to move objects that need to
be moved to other places. Such tower crane work is
repeatedly performed by a user or a signal number who hooks
directly, hangs heavy objects, raises them vertically, and puts
them back down at the point after moving. The types of
disasters that occur when moving heavy objects within a
certain space are mainly falling objects and stenosis disasters.
Tower cranes lift not only mold materials, rebar, and general
materials, but also large mold members for external work that
are affected by wind or outside air, and because they are not
controlled during lifting, falling accidents and stenosis
accidents can occur. If an unspoken external force, such as a
hook on the tower crane or colliding with nearby obstacles,
is applied instantaneously, it can lead to a fall and collapse
accident of the entire tower crane. Tower crane disasters are
more often known as large accidents and personnel accidents
in the event of an occurrence than general disasters, and are
often known to the media, which causes social issues and
criticism [14].

In order to prevent serious accidents in tower cranes, a
clear plan, inspection, and training must be preceded before
work, but there are many accidents because the conditions at
the current domestic site do not meet this. Unlike general
industrial sites, due to the nature of construction sites, it is
difficult to manage personnel because a large number of
various personnel of the type of construction are used in a
short period of time and workers are replaced frequently [15].
In the case of dismantling the tower crane installation, it is
necessary to install it as soon as possible because it receives
a limited amount of money, but it tends to be rushed because
it is more profitable. In addition, because employment is
unstable, frequent personnel changes and unskilled workers
are sometimes put in. Drivers and signal drivers who use
tower cranes after installation also have a social problem that
their employment is not constant [16].

3 CASE OF TOWER CRANE DISASTER

To analyze tower crane accidents, the study was
conducted in the following four stages.

1) Data Sources: Accident data were obtained from the
Korea Occupational Safety and Health Agency’s official
casebook of serious accidents (2012-2020), comprising
73 major tower crane incidents.

2) Survey Design: A structured questionnaire was
distributed to installation/dismantling workers, crane
operators (signalers), and safety managers. The
questionnaire covered accident causes, safety training
adequacy, and operational procedures. Responses were
measured on a 5-point Likert scale.

3) Expert Interviews: Semi-structured interviews with three
industry experts were conducted to validate survey
findings and explore improvement measures.

4) Analysis: Proportions were calculated for each accident
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cause category. No probabilistic inference was
performed; instead, descriptive statistics were used.
Survey and interview data were analyzed separately to
distinguish quantitative and qualitative findings.

3.1 Method of Analysis of Tower Crane Disaster Data
Sources

In order to analyze the case of tower crane accidents, the
case of major accidents related to tower cranes among
industrial accidents of the Korea Safety and Health Agency
was investigated.

In the past 9 years, 73 serious accidents occurred, and
they were analyzed by accident cause. When analyzing
disaster cases by cause, the classification criteria were
prepared according to the criteria of the Korea Safety and
Health Agency.

Accident data were obtained from the Korea
Occupational Safety and Health Agency’s official casebook
of serious accidents (2012-2020), comprising 73 major tower
crane incidents.

3.2 Results of Analysis of Tower Crane Disaster Case
3.2.1 Analysis by Job Type

Tab. 1 is the result of analyzing accident cases by work
type. During the work, 35 accidents (47.9%) occurred in
'nurturing work', and when it comes to the cause of accidents
that appeared during the lifting operation, it was found that
there were more accidents that caused the number of signals
with the task manager than the driver's carelessness, and it is
thought that thorough management of the task manager is
necessary to prevent such accidents. In addition, in the
installation, elevation, and dismantling work, 35 accidents
occurred despite repeated work by professional workers,
which is thought to be the cause of safety insensitivity due to
repetitive work progress, so work-related education is
considered necessary.

Table 1 Analysis of disaster cases by job type
B o 9 o
S| 5| B | 2
=] <
SE| 8| 2| E &) &
TElE| 5| 3 ’
ER | = [~
The number of disasters 17 2 18 35 1 73
Ratio 23.2% | 2.7% | 24.6% | 47.9% | 1.6% | 100%

1) Accident case analysis: Lifting operations were
responsible for 45.3% of accidents, followed by
installation/dismantling ~ (23.2%) and  climbing
operations (24.6%). Falls were the most frequent disaster
type (35.8%). The leading contributing factor was non-
compliance with safe work procedures (38.8%).

2) Cause of accident during installation and dismantling
operation: The main causes of accidents in installation
and dismantling work were 10 cases of non-compliance
with safety rules (58.8%), 5 cases of non-compliance
with work processes (29.4%), and 2 cases of
inexperience (11.8%).

3) Cause of accident during salvage operation: The

cause of the salvage operation was 14 cases (40%), 10
cases of unidentified line hooks (28.5%), 5 cases of non-
compliance with the signal (14.2%), 4 cases of
unidentified lifting (11.4%) and 2 cases of equipment
(5.9%), and the control around the tower crane is
exclusively managed by the signal number.

4) Cause of accident during ascending operation: The
causes of accidents in ascending work were 12 cases
(67%) of non-compliance with the work process and 6
cases (33%) of non-compliance with safety rules, and it
is thought that the thorough management of the work
manager is necessary to prevent accidents.

3.2.2 An Analysis of the Cause of Work Accident

As a result of analyzing the cause of the tower crane
accident as the cause of the physical accident and the cause
of the human accident, 10 physical factors (13.6%) and 63
(86.4%) human factors such as unsafe behavior of workers
and non-compliance with the work order among the functions
of the tower crane.

3.2.3 Analysis by the Type of Disaster

As aresult of the analysis by type of tower crane disaster,
27 falls (36.9%)), 23 falls and rain (31.5%), 11 falls and falls
(15%), 9 stenosis (12.3%), and 3 falls (4.3%) were found.
The risk of falls was high during installation, assembly, and
dismantling, and the risk of falls and rain was high during the
salvage operation. This is judged to reflect the characteristics
of the work and should be focused on preventing accidents
from falling by establishing countermeasures.

3.3 Tower Crane Disaster Risk Assessment

Risk factors were derived through analysis by work type
through accident cases, and 73 cases of major tower crane
accidents provided by the Korea Safety and Health Agency
for risk calculation occurred between 2012 and 2020. Since
the proportion of occurrence per one out of 73 major
accidents was 1.4%, it was assumed as the lower limit that it
hardly occurred, and the largest number of accidents was
assumed to be 19.2%, with 14 cases occurring due to poor
control during the salvage operation. Risk assessment was
conducted based on the frequency of occurrence by simply
dividing 1.4% to 19.2%.

The rating calculation for the proportion of occurrence
of a risk, and the proportion of occurrence is shown by
dividing the total number of accidents of tower cranes by the
number of accidents by risk factor for each type of work in
the tower crane work where the disaster occurred. As aresult,
it was shown in Tab. 2.

As a result of calculating the risk level through the
analysis of the probability of occurrence of a serious accident
by risk factor, the most dangerous risk factor among the
entire tower crane work was investigated as 'bad peripheral
control', followed by 'non-compliance with the work process'
and 'bad line-up'. Therefore, it is judged that the role of the
signal numbers that control the surroundings is important.
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Table 2 Proportion and risk calculation of major disasters

Cause Number of serious accidents Proportion (%) Ranking | Grade
Poor control 14 19.2 1 1
Unidentified line hook 10 13.7 3 2
Lifting Failure to comply with the signal 5 6.8 6 3
Unidentified salvage material 4 5.5 8 3
Defects in equipment 2 2.7 9 4
. Non-compliance with safety rules 10 13.7 3 2
Installation & - -
Dismantling Non-compllapce with the work process 5 6.8 6 3
inexperience in the work 2 2.8 9 4
Upward Non-compliance with safety rules 6 8.2 5 3
Non-compliance with the work process 12 16.4 2 1
Maintenance 2 2.8 9 3
Etc. 1 1.4 12 4
Sum 73 100%
4 SURVEY 4.1.2 Survey Contents

4.1 Survey Overview
4.1.1 Survey Method

The survey was conducted from September 2020 to
October 2020, centered on the sites of large domestic
construction companies, and the responses of the
questionnaire were a total of 250 people, of which a total of
193 copies were conducted, excluding unfaithful and unclear
respondents. The survey results conducted by external
literature were used and analyzed through Excel. In addition,
expert interviews are conducted to derive opinions on safety
management improvement measures and additional
alternatives, and to determine whether the improvement
measures are appropriate.

This questionnaire was composed by reflecting the
analysis results of serious accident cases in Chapter 3. It was
largely classified into general (common) and tower crane
work. Tower crane work items were prepared according to
the work characteristics of the installation/demolition person,
user, and safety manager, and each item was constructed
based on items that affect safety work, such as the cause of
accidents, education system, work command relationship,
and contract business format related to tower crane work.
Using a 5-point scale, the questionnaire was marked with 5
points for "very yes", 4 points for "yes", 3 points for
"normal", 2 points for "not very much", and 1 point for "not
very much". Each detail is shown in Tab. 3.

Table 3 Details of the installation/demolition worker/user/safety manager

Area Item

Details

General Common Age

Carrier

Investigation of the necessity of education (Safety and Health Agency)

The Impact of the Wage System on Safety

Installation and Demolition worker

Examination of the importance of work conditions in the field

Investigation of Safety Violators

Survey on the Quality of Field Training

Investigation of the necessity of education (Safety and Health Agency)

Survey of the importance of education

Investigation into the need for education

Tower crane work

User Necessity of Qualification Specialization

Examination of the safety knowledge level of work

Investigation of Safety Violators

Investigation into the need for specialized knowledge

Investigation into the need for specialized knowledge

Survey of the level of expertise

Safety manager

High-risk process investigation

Investigating the necessity of improving signal receiver quality

Investigation of key items of disaster prevention activities

Effectiveness of the Construction safety plan

4.2 Survey Results
4.21 Age

According to the survey respondents' age distribution,
many safety managers (62%) were aged 31 to 40 at the site,
many were aged 41 to 50 (50%) who played a control role
when using tower cranes, and many elderly people were older
than 50 (44.4%) who were engaged in practical risk processes
such as complaint work.

Table 4 Ages in workers

Age Installation / Crane operators Safety
dismantling worker (Signalers) managers
Under 25 0 0.0% 1 1.2% 1 1.4%
26~30 0 0.0% 1 1.2% 2 2.8%
31~40 5 13.9% 17 20.2% 44 | 62.0%
41~50 15 41.7% 42 50.0% 16 | 22.5%
Over 50 16 44.4% 23 27.4% 8 11.3%
Sum 36.0 100.0% 84.0 100.0% | 71.0 | 100.0%
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4.2.2 Career

Safety managers were able to receive realistic responses
as 60% of them had more than 6 years of experience, and
workers were evenly distributed by experience. On the other
hand, installation and dismantling workers were found to be
in the dangerous process, with few new workers and a large
number of skilled workers for more than 6 years.

Table 5 Career in workers

Installation / Crane operators
Career dismantling © op Safety managers
worker (Signalers)

Underlyr 0 0.0% 14 16.7% 9 12.5%
1~3 3 8.3% 16 19.0% 14 19.4%

4~5 1 2.8% 15 17.9% 6 8.4%
6~10 15 41.7% 16 19.0% 19 26.4%
Overl lyr 17 47.2% 23 27.4% 24 33.3%
Sum 36.0 | 100.0% | 84.0 | 100.0% | 71.0 | 100.0%

4.2.3 The Primary Cause of Tower Crane Accidents

A survey on the primary cause of tower crane accidents
revealed that safety managers, crane operators (signalers),
and installation/dismantling workers all cited "errors in work
methods and behavior during work."

Regarding the response to the question, "What is the
primary cause of tower crane accidents?", a chi-square test
was performed across safety managers, installers and
dismantlers, and crane operators (signalers), revealing a
significant difference (p = 0.047). Overall, errors in work
methods and behavior during work were identified as the
most common cause of accidents. Installers, dismantlers, and
safety managers identified defects in the equipment defects
as the second most common cause, while crane operators
(signalers) identified defects in the lifting material defects as
the second most common cause.

Table 6 Analysis of variance by respondent on the main causes of tower crane accidents

Installation / dismantling worker | Crane operators (Signalers) | Safety managers
Cause Number % Number % Number | % x| pvalue
Equipment defects 7 21.21 3 3.80 10 14.49
Errors in work methods and behavior during work 22 66.67 60 75.95 47 68.12 1278 | 0047
Lifting material defects 0 0.00 10 12.66 7 10.14 ’ '
Surrounding environment, including climate 4 12.12 6 7.59 5 7.25

4.3 Expert Interview Review
4.3.1 Review Overview

Expert interviews were conducted through e-mail from
October 11 to October 13, 2023. The interviewees were a
safety manager and a total of two construction site unloading
workers. The questionnaire data was conducted using official
form, and through the analysis of the survey results, opinions
on the improvement plan and additional alternatives were
derived, and the appropriateness of the improvement plan
was determined.

4.3.2 Expert Interview Results

Experts emphasized the ineffectiveness of purely
theoretical safety training, advocating for participatory,
hands-on education. They also highlighted the lack of
standardized signal protocols and insufficient staffing as
recurring safety risks.

4.4 Discussion

As a result of combining the survey and interviews, the
survey was conducted on installation and dismantling
workers, use (signal number) workers, and safety managers.
As a result of the survey, 68% of safety managers thought it
was "unsafe work" and 45% of use (signal) workers thought
it was "safe," and 30% of installation and dismantling
workers were divided into "unsafe" and "safe," respectively.
In addition, in the case of users, the more experience they
had, the higher the safety. The main cause of the tower crane
accident was "error of work method and behavior during
work" in all three groups.

Whether workers who have been installed and

dismantled have experienced violations of safety rules,
"Work rules" 54.3% of them said they had experience of
violation, more than half of them. Currently, new workers
who are installed and dismissed are entitled to work after
completing one training session in accordance with the
"Rules on the Restriction of Employment in Hazardous and
Dangerous Works" and there is no follow-up management.
Therefore, in order to prevent accidents, it is considered that
regular maintenance training is conducted in addition to new
training to minimize safety symptoms, and regular
management and training such as the characteristics of
equipment by manufacturing company and job descriptions
of new equipment is necessary.

This study confirms that human factors, particularly
procedural non-compliance and inadequate training, are the
dominant causes of tower crane accidents. These findings
align with international research, which also identifies
training quality, communication protocols, and supervision
as critical safety determinants. Integrating hands-on,
scenario-based training and enforcing standardized signal
operations could bridge current safety gaps. Furthermore,
aligning domestic safety regulations with international best
practices could enhance both compliance and accident
prevention.

5 CONCLUSION

The Tower crane is a dynamometer crane mainly used in
high-rise building construction and is a high-risk work.
Therefore, this paper attempted to identify problems with
tower crane work through an analysis of major accident cases
related to tower cranes over the past 13 years and a survey of
tower crane-related workers, and to suggest improvement
measures accordingly.
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The analysis of tower crane accidents in Korea highlights
the urgent need for structured safety interventions. Key
recommendations include: (1) institutionalizing participatory
safety training; (2) mandating certification for signalers
through public institutions; (3) enhancing safety managers’
expertise through specialized curricula; and (4) enforcing
continuous monitoring and supervision.

Limitations include the reliance on domestic accident
data and self-reported survey responses. Future research
should incorporate international comparative analyses and
longitudinal tracking of safety interventions.
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Development of Drowsy Driving Detection System Using EEG

Ssang-Hee Seo

Abstract: Drowsy driving is a major contributor to serious traffic accidents, highlighting the urgent need for effective real-time detection systems. This study proposes a real-time
drowsiness detection system based on electroencephalogram (EEG) signals and a lightweight convolutional neural network (CNN). The system comprises five main components:
EEG signal acquisition, preprocessing, feature extraction, CNN-based classification, and user feedback delivery via an Android application. The experiment involved four healthy
adult male participants with an average age of 24.5 years. EEG data were collected using the DSI-24 device, and the relative power in the alpha band from the prefrontal (Fp1,
Fp2) and occipital (O1, O2) regions was identified as the primary feature for distinguishing drowsiness. The proposed CNN model, trained on these features, achieved a
classification accuracy of 91.56%, comparable to the 92.66% accuracy of the more complex AlexNet model, while being significantly more lightweight and suitable for real-time
deployment on embedded systems. The Android application provides real-time feedback on the user’s drowsiness level and recommends nearby rest areas to help mitigate the
risk of drowsy driving. This study presents a practical and efficient EEG-based driver monitoring solution. Future work will focus on large-scale data collection under actual driving

conditions to further validate and improve the system’s performance.

Keywords: Android application; Brain-computer interface (BCI); Convolution neural network (CNN); Drowsiness detection; Electroencephalogram (EEG); OpenViBE

1 INTRODUCTION

Vehicles are among the most common means of
transportation in daily life, and drowsy driving is one of the
leading causes of traffic accidents. According to the 2024
traffic accident statistics published by the Korean National
Police Agency, a total of 10,767 accidents caused by drowsy
driving occurred over the five-year period from 2019 to 2023,
averaging 5.9 incidents per day. During the same period,
drowsy driving resulted in 316 fatalities—equivalent to
approximately 2.9 deaths per 100 accidents—which is nearly
twice the fatality rate of drunk driving-related accidents
during the same timeframe. Notably, vehicles used for
business purposes on highways have been found to be
especially vulnerable to drowsy driving. Despite efforts such
as expanding safety facilities, broadcasting public service
announcements, and conducting awareness campaigns, little
measurable improvement has been observed in preventing
drowsy driving accidents [1].

Drowsiness represents a transitional state between
wakefulness and sleep. In this state, drivers experience
reduced attention, significantly delayed reaction times, and
impaired judgment, making it difficult to maintain proper
head posture and orientation [2, 3]. Common signs of
drowsiness include frequent eye closures and repeated
yawning. These observable behaviors can be used to deliver
early warnings to drivers and help prevent potential
accidents. In recent years, driver drowsiness detection
technologies have received increasing research attention [4-
9]. These studies can be broadly classified into four
categories: (1) image-based approaches that use cameras to
analyze facial expressions and driver behavior; (2) biosignal-
based approaches that rely on physiological signals measured
via wearable sensors; (3) vehicle-based approaches that
monitor driving patterns and vehicle behavior; and (4) hybrid
approaches that combine multiple modalities. Among these,
biosignal-based methods have demonstrated superior
performance in drowsiness detection compared to image-

based methods [10].

In this context, a variety of biosignals—including EEG,
ECG, EMG, and EOG—have been utilized for drowsiness
detection [11-13], with EEG-based techniques being
especially prominent due to their high temporal resolution
[14, 15]. In recent years, the analysis of biosignals has gained
substantial interest in the fields of driver monitoring and
human-computer interaction. As the complexity and volume
of physiological data continue to grow, deep learning models
have emerged as effective tools for robust feature extraction
and signal classification. Architectures such as Recurrent
Neural Networks (RNN), Long Short-Term Memory
networks (LSTM), Autoencoders (AE), and Convolutional
Neural Networks (CNN) have shown strong performance in
noise filtering, time-series signal processing, and biomedical
signal classification tasks [16, 17].

Among these models, CNNs have been particularly
successful in anomaly detection due to their ability to achieve
high classification accuracy and automatically learn
discriminative features from raw data [18]. Recent studies
applying CNNs to EEG-based drowsiness detection have
reported encouraging outcomes [19, 20]. Given that EEG
signals are time-series data that are often high-dimensional
and noisy, traditional feature engineering techniques are
frequently inadequate. CNNSs, in contrast, are well-suited for
handling such unstructured signals, as they excel at
extracting local spatial and frequency-domain features.
Moreover, CNNs eliminate the need for manual feature
design by automatically learning relevant patterns from the
data. Based on these strengths, we propose a lightweight
CNN model designed for real-time -classification of
drowsiness and wakefulness states using EEG signals
collected with the DSI-24 device. The proposed model is
optimized for computational efficiency, making it well-
suited for real-time deployment in embedded systems, such
as in-vehicle driver monitoring applications.

The primary objective of this study is to implement a
system capable of detecting the driver’s drowsiness state in
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real time and providing immediate feedback to the user,
thereby aiming to prevent traffic accidents caused by
drowsiness. To achieve this, we propose a lightweight CNN
model that classifies drowsiness by extracting relevant
features from EEG signals. In addition, the system offers
real-time feedback to the user by issuing auditory warnings
and displaying nearby rest areas, making it applicable to
actual driving environments. The remainder of this paper is
organized as follows. Section 2 describes the data collection
process, EEG signal preprocessing, feature extraction
methods, and the architecture of the Android application used
for user interaction. Section 3 presents the performance
evaluation of the proposed model along with experimental
results. Finally, Section 4 concludes the study with a
summary of the findings and outlines directions for future
research.

2 MATERIALS AND METHODS

We implemented a real-time drowsiness detection
system based on EEG signals that provides immediate
feedback to the user. The system is broadly divided into two
main components: the user system and the server system. The
user system comprises (1) an EEG device that collects
brainwave signals from the user and (2) an Android
application that provides real-time notifications of the user's
drowsiness state. The server system includes (1) a
preprocessing module that filters and processes the collected
EEG signals in real time to extract relevant features and (2) a
CNN model that classifies the user’s drowsiness state based
on these features. Fig. 1 illustrates the overall architecture of
the proposed drowsy driving detection system.
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Figure 1 Structure of the proposed drowsy detection system

2.1 Data Acquisition

In this study, EEG data were collected using the DSI-24
device from Wearable Sensing. The DSI-24 is a wireless dry-
electrode EEG headset designed for the rapid deployment of
21 sensors positioned according to the international 10-20
system. It includes 19 electrodes covering the scalp, 2 ear clip
sensors, and 3 auxiliary inputs for the acquisition of up to
three additional biosignals. The device supports Bluetooth
wireless transmission and samples signals at a rate of 300 Hz.
Fig. 2 illustrates the international standard 10-20 electrode
placement system. The experiment involved four healthy
adult male participants with an average age of 24.5 years.
Prior to participation, all subjects were informed of the
experimental procedures and precautions and provided
written consent. EEG data were collected in a room isolated
from light and noise to ensure a comfortable environment for
the participants. Additionally, a camera was installed to
record facial expression changes associated with drowsy
during the session. The experimental procedure was as
follows: (1) The participant wore the EEG device and was
seated in a stationary position. (2) The participant viewed a
pre-recorded video of highway driving. During this time,
EEG signals were recorded simultaneously with video

footage of the participant’s facial expressions. The driving
video lasted approximately 20 minutes. (3) Based on the
recorded EEG data and facial footage, specific segments of
EEG signals were classified into drowsy and wakeful states.

Nagion

Inion
Figure 2 International 10-20 electrode system
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2.2 EEG Signal Processing

During the EEG data collection, various types of noise—
such as muscle movements, eye blinks, and electrical
interference—can contaminate the signals. Given the low
amplitude of EEG signals, such noise can significantly
degrade signal quality. Therefore, a preprocessing step to
remove noise from the recorded EEG data is essential. In this
study, a band-pass filter was applied to retain only the
frequencies within the 0-50 Hz range. Additionally,
Independent Component Analysis (ICA), a widely used
method for EEG denoising [21, 22], was employed to remove
artifacts. Following preprocessing, the EEG signals were
transformed from the time domain to the frequency domain
using the Fast Fourier Transform (FFT). As shown in Tab. 1,
the processed signals were then segmented into five spectral
frequency bands. EEG activity is typically divided into Delta,
Theta, Alpha, Beta, and Gamma bands, each associated with
different cognitive and physiological states [23].

Table 1 Characteristics of EEG frequency bands

Brainwaves Description Frequency
Interval

Delta Refers to consciousness and sleep states 0.5t0 4 Hz
Theta Refers to the half-sleep 4to7Hz

Alpha Refers to waking state 8to 13 Hz

Beta Refers to alert state 13t0 30 Hz

Gamma Refers to hyper-vigilance state 30 to 50 Hz

Absolute and relative power spectrum analyses were
conducted on the Theta and Alpha frequency bands, which
are known to be closely associated with drowsiness. The
power of each frequency component was calculated as the
square of the magnitude of the complex-valued signal
obtained via the Fourier Transform. Eq. (1) represents the
Fast Fourier Transform (FFT), Eq. (2) denotes the Inverse
Fast Fourier Transform (IFFT), and Eq. (3) defines the
computation of total power.

vl —j2mkn
H(f,)= e NV =H,, (1)

1 N —27tkn
hkzﬁ o He N, Q)

Total Power = sz:_Ol|hk|2 = %z,i\:ol Hn|2 ®)

Here, & denotes a discrete signal sequence with a sample
size of N. Absolute band power refers to the power value of
the power spectrum within a specific frequency band for each
channel. In contrast, relative band power represents the
proportion of power within a specific frequency band relative
to the total power across the entire frequency range in each
channel.

In this study, a Python-based program was developed to
extract relevant features. The process involved preprocessing
the raw EEG data—including noise removal—followed by

applying the Fast Fourier Transform (FFT). The resulting
frequency-domain data served as input, and the program
outputted the relative power differences between drowsy and
wakefulness states for each EEG channel, identifying those
with the most significant variations.

2.3 EEG Analysis Tool

In this study, OpenViBE was utilized as a real-time EEG
signal analysis platform. OpenViBE is a software framework
designed for building and testing brain—computer interface
(BCI) systems, enabling real-time acquisition, filtering,
processing, classification, and visualization of brain signals.
The OpenViBE platform operated on the server side and was
responsible for EEG signal processing and data transmission.
The OpenViBE Acquisition Server was employed to receive
EEG data from the DSI-24 device via Bluetooth
communication. Additionally, the OpenViBE Designer was
configured to perform preprocessing and feature extraction
on the incoming EEG signals. After preprocessing and
feature extraction, the Lab Streaming Layer (LSL) protocol
was used to transmit the extracted EEG features to a Flask-
based server. The Flask server then forwarded the incoming
feature data to the deep learning classification module.

N

Figure 3 Structure of flask server

 Acquisition client |
—V T
|
.—: ,-—. o= "
1021114015

[ gg- | |
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T — ==
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Figure 4 Proposed OpenViBE designer

Fig. 3 illustrates the architecture of the Flask server, and
Fig. 4 presents the structure of the OpenViBE Designer
workflow for EEG feature extraction. In the Channel Selector
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stage, channels 10, 11, 14, and 15—corresponding to Fpl,
Fp2, O1, and O2—were selected based on their known
relevance to drowsiness detection. In the Spectrum Analysis
stage, the relative power of both the full frequency band and
the Alpha band was calculated. In the Python Scripting stage,
matrix-type data from the previous step was converted into a
signal format suitable for transmission. Finally, the processed
signals were sent to the server using LSL communication.

2.4 Proposed CNN Model

Recently, Convolutional Neural Network (CNN) models
have demonstrated outstanding performance the fields of
computer vision and natural language processing, which has
led to their application in EEG signal classification. Notably,
Chaabene [19] and Zhu [20] applied CNNs to EEG-based

e

drowsiness detection and reported promising results.
Building on these advances, this study proposes a lightweight
yet high-performance CNN model for real-time drowsiness
detection. The collected EEG signals were labeled with 1 for
drowsy and 0 for wakeful states, and a total of 36,987 labeled
samples were compiled in CSV format to form the dataset.
This dataset was divided into training (80%) and testing
(20%) subsets for model development and evaluation. The
trained CNN model was saved in H5 format and is invoked
by the Flask server during runtime for real-time inference.
The proposed CNN architecture consists of three
convolutional layers followed by two fully connected layers.
The model was trained using a dropout rate of 0.5, a batch
size of 64, and 50 training epochs. The overall architecture of
the proposed CNN model is illustrated in Fig. 5, and the
detailed layer-wise structure is summarized in Tab. 2.

ReLu Joftmax

> .
o .

EEG
@ feature — — — " o [ - S
CSV file . o
L] L]
o ¢
mput I*t Conv 25t Conv 3 Conv  Flatten ’ Batch Dropout ’4’/
layer layer layer layer normalization layer
layer
Fully Fully
connected connected
layer layer
Figure 5 Proposed CNN model structure
Table 2 Summary of proposed CNN model structure
Layer Type Parameters Activation function Notes
Conv2D #1 32 filters, 3%3 Kernel ReLu Input layer
MaxPooling2D #1 2x2 pool size - Dimension reduction
Conv2D #2 64 filters, 3x3 Kernel ReLu Mid-level feature extraction
MaxPooling2D #2 2x2 pool size -
Conv2D #3 128 filters, 3x3 Kernel ReLu High-level feature learning
Flatten - - Converts 2D to 1D
Dense #1 128 units ReLu Dropout 0.5
BatchNorm - - Normalization
Dense #2 64 units ReLu Dropout 0.5
Output 2 units Softmax Binary classification output

2.5 Drowsy Detection Application

The Android application developed in this study is
designed to help prevent drowsy driving by providing real-
time feedback to users regarding their drowsiness or
wakefulness status, based on EEG data. Fig. 6 presents the
overall architecture of the Android application. The app
communicates with the server via HTTP, transmitting EEG
data once per second. When the user is in a wakeful state, the
application displays a real-time EEG graph along with a
message indicating wakefulness. The background color of
the interface is green, and a smiling emoticon is shown to
convey a sense of safety and wakefulness. Conversely, when
drowsiness is detected, the application presents the EEG
graph along with a warning message indicating the drowsy

state. The background color changes to red, and an audible
alarm is triggered for three seconds to help awaken the driver.

O

Home

s N\ [ ~
Wakefulness | | Wakefulness
state J L graph

e N\ N
Drowsiness Drowsiness
= Beep sound
state graph
J A\ J

e ~
Service area Service area
guide display map

| J

Figure 6 Structure of the drowsiness prevention app
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Additionally, the application includes a user-interactive
feature: by clicking a designated button, users can access
Google Maps to view a list of nearby rest areas based on their
current GPS location. Fig. 7 displays the interface in the
wakefulness state, while Fig. 8 shows the interface during a
detected drowsy state.

PREVENT
DROWSY DRIVING

5

DRIVING TIME; 00:13

START
FND

END

100 TAVIT DV

.
DRIVING TIME; 00:14

EVOTTOAAID

Figure 8 Drowsiness status screen

3 RESULTS AND DISCUSSION
3.1 EEG Feature Extraction Results

Timely detection of driver drowsiness is crucial, as even

0.4

brief lapses can result in serious accidents. Extracting EEG-
based features associated with drowsiness is a key factor in
enhancing the system’s processing speed and classification
accuracy. In this study, feature extraction for real-time
drowsiness detection was approached from two perspectives:
(1) identifying the minimal and most effective EEG channel
locations associated with drowsiness, and (2) determining the
optimal frequency bands that reflect drowsiness-related brain
activity. To achieve this, alpha relative power values were
calculated from EEG signals recorded across 23 channels,
referencing prior studies on EEG-based drowsiness detection
[24]. Channels showing the greatest differences in alpha
power between wakefulness and drowsy states were
identified. Fig. 9 presents the relative alpha power
distributions during wakeful and drowsy states across all
channels. This analysis was conducted for four participants,
and the figure illustrates the results for a representative
subject. The y-axis displays relative power as a normalized
ratio ranging from 0 to 1. Across all four participants, the
most significant deviations in alpha relative power occurred
in the prefrontal (Fpl, Fp2) and occipital (O1, O2) regions,
indicating that these areas are highly correlated with
drowsiness, particularly the prefrontal cortex. Subsequently,
EEG data from these four channels (Fp1, Fp2, O1, O2) were
further analyzed using both absolute and relative power
spectrum analysis across three frequency bands associated
with drowsiness: Theta (4-8 Hz), Alpha (8—13 Hz), and
Theta-Alpha (5-9 Hz). The results of this analysis are
summarized in Tab. 3. The table shows that both absolute and
relative power values for the Theta, Alpha, and Theta-Alpha
bands exhibited significant differences between wakeful and
drowsy states. Since absolute power values can vary across
individuals due to biological differences such as scalp and
skull thickness, relative power was chosen as the more stable
feature metric. Moreover, across all participants, the relative
alpha power provided more consistent differentiation
between wakefulness and drowsiness than the Theta-Alpha
band. Based on these findings, this study selected the relative
alpha power values at Fpl, Fp2, Ol, and O2 as the primary
features for EEG-based drowsiness detection.

0.35

0.3 -

0.25 -

0.2

0.1
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Fpl Fp2
Figure 9 Comparison of alpha relative power values across all EEG channels during wakeful and drowsy states
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Table 3 Absolute and relative power values in Theta, Alpha, and Theta-Alpha bands at Fp1, Fp2, O1, and O2 channels

Frequency (Hz) Power spectrum Status Fpl Fp2 0Ol 02

Absolute power Wakefqlness 0.324871 0.390573 0.882764 0.218468

Theta (4-8 Hz) Drowsiness 0.742031 0.793544 0.878072 0.494796
Relative power Wakefqlness 0.006001 0.004885 0.014480 0.005602

Drowsiness 0.009713 0.009572 0.011727 0.007571

Absolute power Wakefu_lness 0.647676 0.784580 1.633170 0.421939

Theta-Alpha (5-9 Hz) Drowsiness 8.818757 9.216807 4.818486 2.443815
Relative power Wakefulness 0.011965 0.009812 0.026790 0.010819

Drowsiness 0.115440 0.111174 0.064354 0.037393

Absolute power Wakefqlness 4.654174 5.297472 5.820197 2.817909

Alpha (8-13 Hz) Drowsiness 29.108761 31.083387 24.67349 12.845421
Relative power Wakefulness 0.085978 0.066253 0.095472 0.0722254

Drowsiness 0.381043 0.374931 0.329530 0.196548

3.2 EEG Classification Results Based on CNN

A CNN model for drowsiness detection was designed
using the Python-based Scikit-learn library, which is widely
utilized for machine learning analysis. To evaluate the
model's performance, both raw EEG data and feature-
extracted data were used as input. The performance of the
model was assessed using four common evaluation metrics:
recall, precision, Fl-score, and accuracy, each defined by

Egs. (4)-(7).

Recall = L, 4
TP+ FN
TP
Precision = —————, 5)
TP+ FP
L
Fl—score 2 x Precision x Recall , ©)
Precision + Recall
Accuracy = IP+1N ) (7
TP+TN + FP+ FN

TP: True Positive, TN: True Negative, F/P: False Positive,
FN: False Negative.

The classification_report function from the Scikit-learn
metrics module was employed to compute these performance
metrics. Tab. 4 presents the evaluation results of the proposed
CNN model using the feature-extracted data, demonstrating
a classification accuracy of approximately 91.56%. In Tab.
4, Support refers to the number of actual instances for each
class; Weighted avg is the average weighted by the number
of instances in each class; and Macro avg is the unweighted
average, giving equal importance to each class. To further
assess the classification capability of the proposed model, a
confusion matrix was generated. As shown in Fig. 10, the
confusion matrix revealed 455 true negatives and 1,048 true
positives, confirming the model’s robust performance with
an overall accuracy of 91.56%. These results indicate that the
proposed CNN model is both lightweight and accurate.

To validate its effectiveness of the proposed model, a
comparative analysis was conducted against the well-
established AlexNet architecture [25], using the same
dataset. The proposed CNN model was specifically designed
as a lightweight and efficient alternative to conventional deep
learning models such as AlexNet, which was originally
introduced in 2012 and achieved state-of-the-art performance
in the ImageNet Large Scale Visual Recognition Challenge.
While AlexNet consists of five convolutional layers with a

high number of filters (up to 384), three fully connected
layers with 4,096 units each, and more than 60 million
trainable parameters, the proposed model significantly
reduces computational complexity through a shallower and
more compact structure. Specifically, the proposed model
comprises three convolutional layers with 32, 64, and 128
filters, each using 3x3 kernels. These are followed by two
fully connected layers with 128 and 64 units, respectively,
and a final output layer with two neurons for binary
classification. Dropout regularization (rate = 0.5) is applied
to both dense layers to mitigate overfitting, and batch
normalization is employed to stabilize the training process.
Compared to AlexNet, the total number of parameters is
drastically reduced, making the model suitable for training
and deployment in resource-constrained environments such
as mobile or embedded systems.

Table 4 Classification performance of proposed CNN model

Precision Recall Fl-score Support
0 0.85 0.87 0.86 523
1 0.94 0.93 0.93 1127
Accuracy 0.91 1650
Macro avg 0.89 0.90 0.90 16540
Weighted avg 0.91 0.91 0.91 1650

Canfusion Matrix

Wakefulness {0}

True Label

73

Drowsy (1)
\

Wakefulness (0) Drowsy (1)

Predicted Label
Figure 10 Confusion matrix of the proposed CNN model

Table 5 Classification performance between the proposed model and AlexNet

Model Precision Recall Fl-score Accuracy
AlexNet 0.9379 0.9563 0.9466 0.9266
Ours 0.9476 0.9272 0.9373 0.9156

Tab. 5 presents the classification performance
comparison between the two models. The proposed CNN
model achieved an accuracy of 91.56%, while AlexNet
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achieved 92.66%. These results confirm that the proposed
model maintains comparable classification performance
while offering significantly lower computational overhead.
Due to its relatively simple yet effective architecture, the
model is highly suited for real-time EEG-based drowsiness
detection, where inference speed and low resource usage are
critical. To further verify the effectiveness of the extracted
features, an additional comparison was performed using both
raw EEG data and feature-extracted data as input to the
proposed model.

Tab. 6 summarizes the classification accuracy for each
input type: the model achieved 62.17% accuracy with raw
EEG data, and 91.56% with feature-extracted data. These
results highlight the effectiveness of the Alpha relative power
values at Fpl, Fp2, Ol, and O2 as meaningful features for
drowsiness detection.

Table 6 Classification performance between the EEG raw data and feature
extraction data

Data Drop out Epoch Batch size | Accuracy
Raw data 0.5 10 64 0.6217
Feature extraction data 0.5 50 64 0.9156

The proposed CNN model achieved an overall
classification accuracy of approximately 91%, with strong
class-wise precision and recall. These results are in line with,
or slightly exceed, those reported in recent EEG-based
drowsiness detection studies. For instance, Chaabene [19]
implemented a CNN model using Emotiv EPOC+ data and
achieved 90.4% test accuracy, demonstrating the feasibility
of deep learning in this domain. A more recent model,
EEG_DMNet, which incorporates multi-scale spectral-
temporal convolutional processing, reported 97.03%
accuracy on the SEED VIG benchmark [26]. Additionally,
hybrid models such as CNN-LSTM have achieved F1-scores
up to 0.95 in binary classification tasks for drowsiness vs.
wakefulness [27]. Multi-modal approaches that combine
EEG with ECG and use RNN/CNN fusion have also
demonstrated validation accuracies close to 97% [28]. While
these advanced models offer slightly higher performance,
they often come at the cost of increased model complexity,
computational requirements, and dependency on additional
signal modalities. In contrast, the proposed lightweight CNN
model provides a well-balanced solution between
performance, simplicity, and real-time applicability, making
it ideal for embedded or mobile EEG-based driver
monitoring systems.

Nevertheless, this study has several notable limitations.
As a pilot study, it involved EEG data collection from only
four adult male participants. Although the proposed CNN
model demonstrated promising performance, the small
sample size and limited dataset present significant
constraints. First, the generalizability of the findings is
limited. Models trained on data from such a small cohort are
highly prone to overfitting and may capture individual-
specific EEG characteristics, which hinders their
applicability to broader populations with varying
demographics such as age, gender, and health status. Second,
the statistical reliability of deep learning model training is
compromised. CNN-based models require a large volume of
training data to effectively learn patterns and prevent
overfitting. Although regularization techniques such as

dropout, batch normalization, and hyperparameter tuning
were applied to mitigate these issues, the current dataset is
insufficient to ensure robust and reproducible outcomes.
Third, statistical validation is inherently limited. With a small
dataset, it becomes challenging to conduct meaningful
comparisons between the drowsy and wakeful states. As a
result, critical statistical indicators—such as effect sizes,
confidence intervals, and p-values—cannot be reliably
calculated or interpreted.

4 CONCLUSION

In this paper, we implemented a real-time drowsiness
detection system based on EEG signals that alerts the user
upon detecting signs of drowsiness. The system is composed
of three main components: (1) a module that identifies brain
regions and EEG features highly correlated with drowsiness,
(2) a classification module that determines the drowsiness
state based on these features, and (3) a user feedback module
that delivers alerts and recommendations. Relative power in
the alpha band from the prefrontal cortex (Fpl, Fp2) and
occipital cortex (Ol, O2) was identified as the primary
feature for detecting drowsiness. The proposed lightweight
CNN model achieved an accuracy of 91.56%, which is
comparable to the 92.66% accuracy of the more complex
AlexNet model. Despite its lower computational complexity,
the proposed model demonstrated similar performance,
making it suitable for real-time applications such as driver
monitoring systems. To enhance user safety, the system is
integrated with an Android application that not only notifies
the user of their drowsiness state but also suggests nearby rest
areas based on their current location. This real-time feedback
mechanism is expected to help prevent drowsy driving and
reduce traffic accident rates. It should be noted that this study
represents a pilot investigation into real-time EEG-based
drowsiness detection, and thus has certain limitations. The
experimental dataset was collected from only four adult male
participants, resulting in a limited sample size for model
training and evaluation. To overcome these limitations,
future work will involve data collection from a more diverse
group of participants in terms of age, gender, and driving
experience. Furthermore, EEG data will be gathered under
actual driving conditions to enhance ecological validity. In
addition, advanced validation techniques such as cross-
validation and multi-center studies will be employed to
improve the generalizability and statistical rigor of the
model.
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Multi-Target Estimation in OFDM Radar using YOLOvS for Integrated Sensing and
Communication

So-Yeon Jeon, Eui-Rim Jeong*

Abstract: In this study, we propose a method for simultaneously estimating the number, velocity, and distance of multiple targets in an Orthogonal Frequency Division Multiplexing
(OFDM) radar environment using YOLO (You Only Look Once). The proposed approach employs Doppler-range two-dimensional (2D) signals as the input to the YOLO model,
enabling it to learn and predict target characteristics. Since YOLO performs object detection in a single forward pass, it achieves higher computational efficiency compared to
conventional CNN-based methods, making it suitable for multi-target estimation tasks. To validate the performance of the proposed method, we conducted simulations under
various signal-to-noise ratio (SNR) conditions ranging from —10 dB to 20 dB and considered scenarios with one to five targets. The results show that, with 32 OFDM symbols, the
YOLO-based model achieved an average velocity estimation error of 1.34 km/h and an average distance estimation error of 0.71 m. These results represent improvements of 0.56
km/h and 0.89 m, respectively, over conventional CNN-based single-target estimation models, demonstrating the precision of the proposed method. Such performance indicates
its potential for effective application in next-generation joint communication and sensing systems.

Keywords: 2D-Periodogram; Distance; Object Detection; OFDM Radar; Velocity; YOLO

1 INTRODUCTION

Recent advancements in radar technology have extended
its applications beyond the military domain to a wide range
of industries, including autonomous vehicles, drones and
UAVs, and medical diagnostics [1, 2]. Radar systems are
increasingly integrated into advanced sensors and systems
due to their capability to accurately measure the distance,
velocity, and direction of remote objects [3]. However, the
growing proliferation of wireless communication devices has
intensified the issue of frequency spectrum scarcity, posing a
challenge for radar systems to improve spectral efficiency [4,
5]. To address this issue, Integrated Sensing and
Communication (ISAC) has emerged as a promising
paradigm, enabling both communication and radar sensing
functionalities to be performed on a single platform [6]. This
study proposes an Orthogonal Frequency Division
Multiplexing (OFDM)-based radar system that leverages
conventional communication signals for sensing purposes,
thereby enabling joint communication and radar operations
without requiring additional spectrum allocation [7]. This
represents a novel approach that maximizes spectral
efficiency compared to conventional radar techniques that
rely on dedicated radar signals [8, 9].

In an OFDM radar system, signal processing is
performed by transforming the time delay and Doppler shift
caused by the target into inter-subcarrier frequency changes
and inter-symbol phase variations, respectively [10]. With
recent advances in deep learning, there has been a surge of
interest in enhancing target detection and distance/velocity
estimation through nonlinear representation learning. For
instance, previous studies employing multi-output CNNs for
single-target estimation used 2D-periodograms as input and
achieved higher accuracy than traditional CFAR methods
[11]. However, such approaches are optimized for single-
target scenarios and exhibit degraded performance when
applied to multi-target environments, highlighting the need
for more flexible solutions. To overcome these structural
limitations, this study introduces a new deep learning method

based on YOLOvVS (You Only Look Once), a model
optimized for multi-object detection. The proposed method
aims to robustly estimate the number, distance, and velocity
of multiple targets in complex radar environments. By using
2D-periodograms of OFDM signals as inputs, YOLOv8
effectively learns and predicts target characteristics through
its object detection framework. YOLOVS offers advantages
in real-time inference and computational efficiency over
other one-stage detectors, making it particularly well-suited
for ISAC systems requiring rapid and simultaneous
estimation of multiple targets. Simulation results
demonstrate that, with an OFDM symbol length of 32, the
YOLOvS8-based model achieves an average velocity
estimation error of 1.34 km/h and an average distance
estimation error of 0.71 m under multi-target conditions. In
contrast, a conventional CNN-based method optimized for
single-target estimation showed higher errors of 1.90 km/h
and 1.60 m, respectively. These results confirm the superior
performance and stability of the proposed method in multi-
target environments. Furthermore, compared to radar
systems using dedicated signals [8,9], the proposed approach
enables more efficient use of frequency resources while
maintaining reliable distance and velocity estimation in
complex scenarios. The remainder of this paper is organized
as follows. Section 2 describes the OFDM radar system
model for integrated sensing and communication. Section 3
details the generation of 2D-periodograms. Section 4
compares the conventional CNN-based method and the
proposed YOLOv8-based approach. Section 5 presents
simulation-based experimental results, and Section 6
provides a comprehensive analysis and discussion. Finally,
Section 7 concludes the study.

2 OFDM RADAR SYSTEM
2.1 System Overview

This section describes the overall architecture and
fundamental operating principles of the proposed OFDM
radar system. Fig. 1 illustrates the main signal processing
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flow of the OFDM radar system for estimating the distance signals, resulting from the transmitted waveform interacting
and velocity of targets [11]. On the transmission side, the with objects, contain information such as target distance and
system follows the same procedure as a conventional OFDM velocity. Accordingly, the system estimates these parameters
transmitter, where signals are transmitted via antennas. based on the received echoes. In essence, the OFDM system
However, a distinguishing feature of this system lies in its is designed to simultaneously perform communication and
ability to process the reflected signals that bounce back from radar functions by transmitting signals and analyzing the
targets and are received by the antenna. These reflected received reflections within the same operational framework.

Xm X Xim )))
MAC FEC =) =) Add j s(t) a
> . > Mod. |- S/P |. | IFFT | .| P/S =
Data encoding : : CP
G
Distance[m] - <= YOLO k] Radar Signal (<: FFT : Sp e Remove r(®)
. Processing : : CP
Velocity[km/h] <— <— <—
R Ym Ym Ym
Figure 1 OFDM Radar System
2.2 Methodology introduces attenuation, time delay, and Doppler frequency
shifts, which distort the signal. On the receiver side, the
This section describes the signal processing flow and the system removes the cyclic prefix and reshapes the signal into
procedure for generating the 2D-periodogram in the parallel form. It applies a fast Fourier transform (FFT) to
proposed system. On the transmitter side, the system first obtain the frequency-domain signal. This process repeats for
applies Forward Error Correction (FEC) encoding to the data, each incoming OFDM symbol to accumulate the signal over
then converts it into parallel streams. It performs an inverse time. To estimate distance and velocity, the system compares
fast Fourier transform (IFFT) to convert the signal into the the received and transmitted signals. It divides each received
time domain and serializes it. To mitigate inter-symbol signal component by the corresponding transmitted
interference (ISI), the system adds a cyclic prefix (CP) to component to eliminate modulation effects. Then, it applies
each OFDM symbol before transmitting the signal through a two-dimensional FFT to the accumulated signal to generate
the antenna. As the signal s(f) propagates, it reflects off a 2D-spectrum. The squared magnitude of this spectrum
targets and arrives at the receiving antenna as r(f). The yields the 2D-periodogram, which the YOLO model uses to
received signal contains not only the reflected waveform but estimate the number, velocity, and distance of the targets.
also channel noise and external interference. Target motion
3 [ 8symbol | a3 [ 16symbol | 3 [ 32symbol ]
E SNR 20dB E E
: : :
0 0 0
210 0 4210 210 0 1210 2210 0 +210
Velocity [km/h] Velocity [km/h] Velocity [km/h]
(a) (b) (©)
Figure 2 2D-Periodogram (a) 8symbol, (b) 16symbol, (c) 32symbol
3 2D-PERIODOGRAM and (c) show the results for 8, 16, and 32 OFDM symbols,
respectively, with the number of targets set to 2, 3, and 4
The 2D-periodograms used as input to YOLO is accordingly. As illustrated in the figure, increasing the
represented as a grayscale image, where higher magnitude number of OFDM symbols leads to a decrease in the spread
values appear closer to white and values near zero appear of target regions within the 2D-periodogram, enhancing
darker or black. Target detection and identification are target resolution. The velocity range observable in the 2D-
performed by locating peak values within the 2D- periodogram spans from —210 km/h to +210 km/h, while the
periodogram. The x-coordinate of each peak corresponds to detectable distance spans from 0 to 243 m. Negative
the target's velocity, while the y-coordinate indicates its velocities indicate targets moving away from the radar,
distance. Fig. 2 presents examples of 2D-periodograms for whereas positive velocities indicate approaching targets. The
different numbers of OFDM symbols. Subfigures (a), (b), resolution of the 2D-periodogram is determined by the size
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of the 2D-periodograms applied to the signal. In this study,
the 2D-FFT size is denoted as NFFTXMFFT, and is set to
2048 x 256.

4 TARGET ESTIMATION METHOD
4.1 Conventional Estimation Method

Convolutional Neural Networks (CNNs) have
demonstrated  remarkable  performance in  image
classification and pattern recognition tasks by effectively
learning spatial features through convolutional layers [12].
Leveraging this capability, CNNs can be applied to the 2D-
periodogram data to estimate both the number of targets and
their respective distance and velocity. However, estimating
the number of targets and predicting their distance and
velocity are fundamentally different tasks. As such, it is
essential to design independent neural network architectures
specialized for each task. Specifically, a CNN-based
classification model is employed for target number

estimation, while a multi-output CNN regression model is
used for distance and velocity prediction. The architecture for
the classification model is depicted in Fig. 3, and the
regression model for distance and velocity estimation is
shown in Fig. 4. Both models share a common backbone
structure that consists of five convolutional layers and batch
normalization layers to extract key features from the 2D-
periodogram. For the classification model, a softmax
activation function is applied in the final fully connected
layer to probabilistically predict the number of targets,
ranging from one to five. In contrast, the multi-output CNN
model for distance and velocity estimation directly outputs
the estimated values of target distance and speed through its
final output layer. Nonetheless, CNN-based multi-output
models inherently suffer from a fixed number of output nodes,
which presents a significant limitation in dynamic
environments where the number of targets varies.
Consequently, a separate model must be trained for each
possible target count, which restricts practical deployment in
scenarios with unknown or varying numbers of targets.
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Figure 4 CNN Architecture for Estimating Target Distance and Velocity

4.2 Proposed Estimation Method

The proposed YOLO-based method is designed to
directly estimate the distance and velocity of targets using the
2D-periodogram data. YOLO (You Only Look Once) is a
CNN-based object detection algorithm that analyzes the
entire image in a single forward pass, enabling simultaneous
detection of multiple targets along with localization of their
corresponding coordinates [13]. This characteristic makes
YOLO particularly well-suited for solving the multi-target
distance and velocity estimation problem addressed in this
study. In conventional CNN-based approaches, the number
of targets is first estimated using a classification model.
Depending on the predicted count, separate CNN models
must then be employed to estimate the distance and velocity
for each target. This cascaded structure increases
computational complexity and slows down detection.
Furthermore, CNNs typically focus on learning local features,
which limits their ability to capture global relationships

among multiple targets—posing challenges in scenarios that
require understanding inter-target dependencies. In contrast,
YOLO divides the input data into a grid structure and detects
objects within each grid cell while learning holistic spatial
features across the entire input. This enables the model to
incorporate global context effectively, even in multi-target
environments. Moreover, since YOLO is a one-stage detector,
it can estimate the number, location, distance, and velocity of
targets in a single inference step. This design provides high
computational efficiency and fast detection speed, making it
especially suitable for real-time applications that require
rapid processing [14, 15].

This study proposes a YOLO-based method for multi-
target detection and simultaneous estimation of distance and
velocity, with the overall architecture illustrated in Fig. 5.
The 2D-periodograms generated through radar signal
processing, is resized to a fixed input size of 640 x 320 and
input into the YOLO model to jointly estimate the number,
distance, and velocity of targets. The architecture employs
the standard YOLOv8s backbone. We construct target
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annotations on the 2D-periodogram using the coordinates of
spectral peaks, which represent each target’s distance and
velocity. Each peak serves as the center of a bounding box,
with the width and height defined by the surrounding region
of the peak. We assign all targets the same class label (class
0), and use the resulting annotations as ground truth for
training. We conduct end-to-end training using the full
dataset, and Tab. 1 summarizes the key hyperparameters.
Given the real-time requirements and computational
constraints of radar applications, we adopt the lightweight
YOLOvVS8s model. We optimize the bounding box dimensions
based on the number of OFDM symbols and fix the batch size

at 32. We set the learning rate according to the OFDM
symbol count: 0.001 for 8 and 16 symbols, and 0.01 for 32
symbols. To prevent overfitting, we apply early stopping,
with a patience value of 20 for 8 and 16 symbols, and 10 for
32 symbols. The total number of training epochs is 33, 37,
and 22, respectively. We use the Adam optimizer, with an
IoU threshold of 0.7 and a confidence threshold set to the
default value of 0.25. The loss functions follow the default
YOLOVSs configuration: Complete IoU (CloU) Loss for
bounding box regression, Binary Cross Entropy (BCE) Loss
for objectness score prediction, and BCE Loss for
classification.

Resize
Radar %
Signal YOLOVS [ =
Processing z
[a)
Figure 5 YOLO-Based Multi-Target Velocity & Distance Estimation
Table 1 YOLO Training Hyperparameters within predefined bounds. We used the Mean Absolute Error
Values MAE) to quantitatively evaluate model performance for
Hyperparameters 8symbol | 16symbol | 32symbol ( ) d -y . . P
Model version YOLOVSs both distance and velocity estimation.
Bounding box 40x8 20x8 15x8
Batch size 32 32 32 Table 2 Simulation Environment Parameters
Learning rate 0.001 0.001 0.01 Parameter Values
Patience 20 20 10 OFDM System Duration 35.74 ps
Epoch 33 37 22 Sampling frequency 122.88 MHz
Optimizer Adam Adam Adam IFFT(FFT) size 4096
10U threshold 0.7 Bandwidth 40 MHz
Confidence threshold 0.25 Center frequency 28 GHz
Length of CP 296
Num. of OFDM symbol 8, 16, 32
5 SIMULATION 2D FFT size 2048 x 256
5.1 Simulation Environment Cropped region size 200 x 100
Num. of targets 1~5
We generated the training and testing datasets using SNR range —10~20dB
MATLAB and implemented the CNN and YOLO models Num. of Train data 50,000
Num. of Test data 110,000

with deep learning frameworks such as TensorFlow and
PyTorch. Tab. 2 summarizes the OFDM signal parameters
used to create the 2D-periodograms in the simulation. In this
study, we set the total OFDM symbol duration to 35.74 us
and used a sampling frequency (Fs) of 122.88 MHz with a
4,096-point FFT. Out of the available subcarriers, we used
1,284, resulting in an effective bandwidth of approximately
40 MHz. The carrier frequency was 28 GHz, and we set the
cyclic prefix (CP) length to 296 samples. To investigate
model performance, we varied the OFDM signal length
across 8, 16, and 32 symbols. The 2D Fourier transform
applied to the received signal used a size of 2,048 x 256.
During simulation, we varied the signal-to-noise ratio (SNR)
from —10 dB to 20 dB. The training dataset included 50,000
randomly generated samples across the SNR range, with
equal representation (10,000 samples each) for target counts
from 1 to 5. For testing, we divided the SNR range into 3 dB
intervals and generated 2,000 samples per interval and target
count, resulting in a total of 110,000 test samples. We
randomly assigned the distance and velocity of each target

5.2 Simulation Results
5.2.1 Target Number Estimation Performance

Fig. 6 presents a comparison of the target count
estimation accuracy between the CNN and YOLOvS8 models
under varying SNR conditions and different numbers of
OFDM symbols. The simulation results show that both
models exhibit improved accuracy as the number of OFDM
symbols increases. Similarly, higher SNR conditions lead to
improved performance in estimating the number of targets.
When comparing the two models, the difference in
performance was minimal under high SNR conditions.
However, in low SNR environments, YOLOvV8 consistently
outperformed the CNN-based approach. For example, when
the number of OFDM symbols was 8 and the SNR was —10
dB, the CNN model achieved approximately 66% accuracy,
whereas YOLOvVS achieved a significantly higher accuracy
0f 89.16%. Additionally, Tab. 3, which compares the average
accuracy across different OFDM symbol counts, confirms
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that YOLOVS8 consistently outperforms the CNN model for
each symbol length. These results indicate that YOLOvVS
maintains stable and reliable target count detection
performance regardless of the SNR level, demonstrating its
robustness in noisy environments.

100
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9
< 80
>
(9]
(1]
P
S
2 700
-] -=- CNN
— YOLOv8
60 O 8 symbol
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O 32 symbol
50

-10 -7 -4 -1 2 5 8 11 14 17 20
SNR (dB)

Figure 6 Target Number Estimation Accuracy of CNN and YOLO Models

Table 3 Average Target Number Estimation Accuracy

Accuracy
Model 8symbol 16symbol 32symbol
CNN 91.68% 94.28% 96.19%
YOLOvVS 93.92% 97.23% 98.08%

5.2.2 Velocity and Distance Estimation Performance by Deep
Learning Models

Figs. 7(a) and 7(b) illustrate the Mean Absolute Error
(MAE) for distance and velocity estimation, respectively,
across various SNR levels. Both models demonstrated
improved and more stable performance as the SNR increased.
However, across the entire SNR range, YOLOvS consistently
achieved lower MAE values than the CNN-based model. For
distance estimation, the CNN model yielded an average
MAE of 1.60 m, while YOLOVS achieved a significantly
lower average MAE of 0.71 m. In velocity estimation, CNN
recorded an average MAE of 1.90 km/h, whereas YOLOv8
achieved 1.34 km/h. These results indicate that YOLOv8
reduced the average estimation error by 0.89 m for distance
and 0.56 km/h for velocity compared to the CNN model,
confirming its superior accuracy in both tasks.
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Figure 7 Distance and Velocity Estimation MAE of CNN and YOLO Models: (a) Distance, (b) Velocity
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Figure 8 Distance and Velocity Estimation MAE of YOLO Model: (a) Distance, (b) Velocity

5.2.3 The Velocity and Distance Estimation Performance of
the Proposed Method

Figs. 8(a) and 8(b) show the variation in Mean Absolute
Error (MAE) for velocity and distance estimation,

respectively, as a function of OFDM symbol length under
different SNR conditions using the YOLOv8 model. The
simulation results indicate that longer OFDM symbol
durations and fewer targets generally lead to improved
estimation accuracy for both velocity and distance.
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Additionally, as the SNR increases, MAE consistently
decreases across all conditions. Notably, the lowest
estimation errors were observed when the OFDM symbol
length was 32, with an average velocity estimation error of
1.34 km/h and a distance estimation error of 0.71 m. Tab. 4
summarizes the average estimation performance for velocity
and distance across different symbol lengths, clearly showing
a decreasing trend in MAE as the number of OFDM symbols
increases.

Table 4 Average MAE of Velocity and Distance Estimation

YOLOv8s
MAE 8symbol 16symbol 32symbol
Velocity (km/h) 2.3403 1.7088 1.3366
Distance (m) 0.7764 0.7162 0.7118
6 DISCUSSION

In summary, the proposed YOLOvS-based multi-target
distance and velocity estimation method demonstrated stable
performance across various signal-to-noise ratio (SNR)
conditions and target counts. While conventional CNN-based
models compress features into a single vector or focus on a
single class—leading to information loss and reduced
accuracy in multi-target environments—YOLOvVS takes
advantage of its structural design to simultaneously detect the
presence and location of multiple objects in the input signal.
This allows the model to flexibly handle varying numbers of
targets without requiring a predefined number of outputs. In
addition, CNN has a fixed number of output nodes, which
means a separate model is needed for each target count.
Therefore, in our comparison, the CNN model was trained
under the simplest condition—single-target only—while the
YOLO model was trained to handle one to five targets.
Despite this, YOLO achieved higher accuracy and lower
estimation errors, demonstrating that it is an effective model
not only for multi-target scenarios but also for single-target
conditions. Meanwhile, since this study was conducted using
computer-simulated data, it does not fully reflect real-world
wireless conditions such as interference, channel distortion,
and multipath effects. Moreover, the quantitative analysis of
performance degradation in cases where targets have very
similar distances and velocities was limited. As future work,
we plan to validate the model’s robustness using real-world
field data. We also intend to explore new methods, such as
enforcing minimum distance constraints between targets, to
maintain high accuracy even in densely populated target
environments. These extensions are expected to further

enhance the practicality and reliability of the proposed model.

7 CONCLUSION

This study proposes a novel method for simultaneously
estimating the number, distance, and velocity of multiple
targets in an OFDM-based radar environment using YOLO
(You Only Look Once). The approach aims to address the
issue of limited frequency resources caused by dedicated
radar signals while also overcoming the structural limitations
of conventional two-stage CNN-based estimation methods in
multi-target scenarios. Ultimately, the goal is to develop a
real-time estimation technique suitable for next-generation

Integrated Sensing and Communication (ISAC) systems. The
proposed YOLO-based method adopts a one-stage detection
architecture that enables the simultaneous prediction of target
count, distance, and velocity. It maintains high computational
efficiency and accuracy even under diverse SNR conditions
and in the presence of multiple targets. Notably, with an
OFDM symbol length of 32, the YOLO model achieved an
average velocity estimation error of 1.34 km/h and a distance
estimation error of 0.71 m—representing improvements of
0.56 km/h and 0.89 m, respectively, compared to the baseline
CNN approach. These results are attributed to YOLOVS’s
real-time inference capabilities and its strength in multi-
object detection, which effectively leverage the distinct target
features observable in the 2D-periodogram. Moreover, the
proposed method enables accurate distance and velocity
estimation without relying on dedicated radar signals,
thereby conserving frequency resources and maximizing
spectral efficiency—enhancing the practical utility of ISAC
technologies. To address the limitations of simulation-based
evaluation, future work will validate the model’s
generalization performance and real-time applicability using
real-world wireless data. To this end, an OFDM-based radar
system tailored to 5G communication environments will be
developed, and experiments will be conducted to assess its
robustness and deployment feasibility. In the long term, the
proposed method will also be evaluated under emerging 6G
network conditions to verify its practicality and scalability
across diverse communication scenarios.
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Image Generation of Aesthetic Massage types Generative Al: Applying the Khizer Abbas
Framework

Young Sook Park, Yun Kyoung Oh*

Abstract: Al image generation tools are transforming the beauty industry by offering new possibilities for visualizing skincare massage types through realistic image generation
from text-based prompts. This study aims to explore this potential by selecting six massage types based on their practicality and visual representation potential. Three skincare
professionals with over 10 years of experience identified experts Swedish Massage, Foot Massage, Bamboo Therapy, Aromatherapy, Thai Massage, and Stone Therapy, and
images were generated using DALL-E, an Al-based image model. A total of 24 images (4 per framework) were generated for analysis. Images were created by applying Khizer
Abbas framework types, R-T-F(Role-Task-Format), T-A-G(Task-Action-Goal), C-A-R-E(Context-Action-Result-Example), and R-I-S-E(Role-Input-Steps-Expectation). The
application of these frameworks resulted in distinct image generation focuses, with each framework emphasizing different key elements. RTF highlighted the therapist's role and
treatment environment, while TAG effectively depicted massage techniques and relaxation states. CARE prioritized the treatment setting through example-based visuals, creating
a harmonious representation of the environment and session, whereas RISE focused on step-by-step procedures and professional expertise, ensuring a structured and
comprehensive visual portrayal of massage treatments. Al models faced limitations in depicting physical contact and specialized roles, but reconfiguring settings and tools improved
image generation. Each framework emphasized specific elements, such as the therapist's role, techniques, environment, and effects, allowing for a comparative analysis of visual
representations across massage types. The main contribution of this study is the comparative analysis of four visual prompt frameworks applied to Al-generated skincare massage
images. Further research on effective prompt-writing standards and methodologies for the beauty industry could expand Al's applicability in beauty, education, and design fields.

Keywords: Aesthetic; Al; Dall-E; Khizer Abbas; Massage Type; Prompt Framework

1 INTRODUCTION

Artificial Intelligence (AI) technology is driving
innovative changes across various industries, and image
generation Al (Generative Al) has demonstrated its ability to
autonomously create creative content beyond user data
analysis. Recently, with advancements in deep learning and
neural network technologies, Al's learning and generative
capabilities have become more sophisticated. As a result,
natural language processing, image generation, design,
marketing, art, gaming, and education have emerged as new
creative tools [1]. Representative models include Midjourney,
Stable Diffusion, Playground, and DALL-E, which provide
high-quality image generation capabilities with simple text
prompts. These models are utilized in various fields,
including information retrieval and content creation [2].
DALL-E is OpenAl's latest model, gaining attention in Al
transformation and creative processes due to its integration
with ChatGPT. This integration allows it to automatically
convert and precisely reflect text commands based on user
input, providing the desired output instantly [3].
Additionally, it is equipped with a filtering system that
considers Al ethics and content safety. OpenAl continues to
foster a responsible Al creative environment through
ongoing updates [4]. According to a 2025 McKinsey report
[5], Generative Al technology is expected to create
approximately $10 billion in economic value within the
beauty industry. Key application areas include hyper-
personalized targeting, immersive product discovery, rapid
packaging concept development, and innovative product
creation. This indicates that Generative Al is evolving
beyond a mere auxiliary technology to become a core driver
of paradigm shifts in the beauty industry.

The annual Consumer Electronics Show (CES) also

showcases changes in the beauty industry, where Generative
Al is being utilized in various ways, such as Al-driven skin
tone and facial shape analysis, personalized skincare
recommendations, and customized makeup suggestions. For
example, Amorepacific has introduced Al-powered
technology that recommends personalized makeup based on
Al learning data, while L'Oréal has developed Al solutions
that digitize skin conditions to predict aging processes and
suggest personalized skincare routines. These data-driven
total beauty solutions are enabling futuristic beauty
experiences. The integration of Generative Al with beauty
technology enhances personalized consumer services. As Al-
driven personalized services and product development
continue to advance, a consumer-centric, tailored market is
expected to drive innovation in the beauty industry.

In particular, Khizer Abbas proposed a structured prompt
framework to enhance Al interactions by systematically
organizing prompts. The DALL-E model incorporates this
framework, which serves as a methodology for structuring
prompts to facilitate effective communication with Al. By
utilizing a structured framework, Generative Al can be
assigned specific roles and provided with additional
contextual and situational information, allowing it to produce
optimal results [6]. Since the quality and direction of Al
responses can vary depending on the format of the input
prompt, designing prompts with clear instructions and
specific examples is considered a key strategic approach.
Prompt Engineering refers to the process of designing and
optimizing prompts in Large Language Models (LLMs). It
includes Zero-shot learning and Few-shot learning
techniques. Zero-shot learning enables an LLM to perform
tasks based solely on simple instructions, without requiring
specific training data, whereas Few-shot learning involves
providing the model with a small number of examples,
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allowing it to generate more precise results [7]. To achieve
more precise Al responses, Khizer Abbas proposed five
ChatGPT prompt frameworks, R-T-F, T-A-G, B-A-B, C-A-
R-E, and R-I-S-E, each serving a specific purpose: Role
(assigning roles), Task (defining tasks), Format (specifying
output format), Action (specific tasks), Goal (setting goals),
Before (current problem), After (desired results), Bridge
(requesting solutions), Context (situation), Result(goal),
Example (case study), Input (providing information), Step
(outlining processes), Expectation (desired results). By
utilizing these frameworks, Al interactions can be structured
more systematically, leading to more precise and effective Al
responses [6].

In previous studies on image-generating Al in the beauty
industry, DALLE and Midjourney have been used to explore
Al-based beauty technology applications [8]. A Study on
Hairstyle Image Generation Using Generative Al in Beauty
Content Development [9], as well as employing Midjourney
as an instructional tool in beauty-related education and
curriculum development [10, 11]. In addition, studies have
explored the creation of painterly and cubist-inspired makeup
designs and body art using generative Al [12-14].

These studies indicate that generative Al holds strong
potential for application across various areas of the beauty
and cosmetics industry, including design processes,
education, product development, and visual content creation.
However, while AI is expected to bring significant
innovation to the beauty sector overall, research specifically
focused on image generation in the field of skincare and
aesthetic treatment remains limited.

The term "massage" originates from Greek, meaning
"knead," "press," and "rub". It emphasizes therapeutic effects
such as reducing swelling, improving blood circulation, and
relieving pain and muscle tension [15]. In Korea, massage is
an essential part of the skincare industry, utilizing hands-on
techniques to maintain, protect, and enhance skin health [16].
Swedish Massage, one of the world's three major massage
techniques, was developed in Sweden and became the first
documented massage system. Introduced to Korea in 1998, it
features five key techniques and is globally recognized
through structured educational programs. Using warm oil, it
helps relieve muscle tension, improve blood circulation, and
enhance sleep quality [17]. Foot massage is a technique that
stimulates the reflex zones distributed across the feet using
hands or tools. It promotes circulation of blood and lymph in
the circulatory system and is particularly effective in
relieving fatigue and alleviating sleep disorders [18].
Methods include callus removal, circulation massage, and
reflexology. Bamboo Therapy utilizes the silica content in
bamboo to aid fascia and pain point management. It includes
both pressurized and non-pressurized methods, helping
stabilize the autonomic nervous system, boost immunity, and
promote detoxification [19]. Aromatherapy is a holistic
therapy using essential oils and aromatic plants. It has been
used since ancient times and became widely applied after the
1930s [20]. It is commonly used for stress relief, fatigue
recovery, and immune enhancement. The main methods
include massage, inhalation, and bathing, with massage being
particularly effective as it stimulates both olfaction and skin

absorption simultaneously [21]. Thai Massage is influenced
by Indian yoga and Chinese Tuina therapy. It focuses on
energy flow and balance along the Sen meridians, helping to
align muscles and improve flexibility. The massage
progresses from the feet to the head, moving through supine,
prone, and seated positions in stages [15]. Stone Therapy
originated from the healing practices of ancient Native
Americans and evolved into an aesthetic treatment in the U.S.
during the 1990s, gaining popularity in hotels and medical
spas [22]. It utilizes the natural energy of stones to boost
metabolism, prevent skin aging, and promote cell
regeneration. Hot stones basal retain heat to aid muscle
relaxation, while cool stones marble provide a cooling effect
to reduce muscle contraction and alleviate pain [22]. With
technological advancements, the massage industry is rapidly
growing, providing users with various conveniences [23].

In the field of skincare and aesthetics, over 30,000
aesthetic skincare clinics are operating nationwide [24],
making up a significant portion of the beauty industry. This
sector continues to develop with increasing specialization
and professionalism. The primary types of skin massage
utilized in the skincare industry include Swedish massage,
Thai massage, aromatherapy, reflexology, bamboo therapy,
stone therapy, and lymphatic drainage, each differing
significantly in terms of history, purpose, techniques, and
visual representation. However, it is difficult to find studies
that specifically analyze massage types within the context of
skincare and utilize image-generating Al to visualize
skincare massage techniques. Visualizing various skincare
techniques using Al tools is expected to contribute to
educational materials, personalized advertisements, virtual
experiences, and simulation-based effect predictions.
Therefore, this study aims to generate images representing
key massage techniques using the DALL-E image generation
model. By analyzing the differences in the generated images
based on Kizer Abbas' framework, this research seeks to
provide visual educational resources for the skincare and
aesthetics industry while proposing new Al applications in
the field. This study set the research question as follows.

RQI1: What are the possibilities and limitations of
generating images of different massage types using
generative Al?

RQ1: What are the differences in image expressions by
the framework (4 types) suggested by Khizer Abbas, and
which framework is the most suitable for expressing massage
types?

2 MATERIALS AND METHODS
2.1 Selection of Treatment Types

Based on the NCS (National Competency Standards)
learning module and a review of previous studies, various
massage types were researched. Considering their current
applications in the skincare industry and visual
representation potential, a panel of three experts comprising
two skincare professionals with over 10 years of experience
and one professor selected six key massage types. The
selected massage types are Swedish Massage, Foot Massage,
Bamboo Therapy, Aromatherapy, Thai Massage, and Stone
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Therapy. Each type was analyzed in terms of concept, tools,
techniques, and effects, summarizing its essential
characteristics.

2.2 Image Generation Process

The research procedure first involved collecting data on
six massage types currently used in aesthetic treatments.
Next, a prompt framework suitable for image generation was
selected. Finally, the prompt framework was applied to
DALL-E 4 to generate the images (Tab. 1). In this study, a
text-to-image generation method was employed, in which
textual prompts were used as input to produce corresponding
images reflecting the described content. In the final stage, the
generated Al images were analyzed and reviewed to assess
whether the distinctive features of each massage type were
effectively visualized.

Table 1 Initial Set of features used for the experimentation
Category Description

Data collection on massage types (NCS,

literature review)

Application of Khizer Abbas Framework

(RTF, TAG, CARE, RISE)

Applying the framework to DALL-E

prompts for massage image creation

Analyzing results based on framework-

generated images

Step

1 | Preliminary Research

2 | Prompt Selection

3 | Image Generation

4 | Image Analysis

2.3 Prompt Framework Development

To generate responses for ChatGPT-based image
creation, the Khizer Abbas prompt frameworks RTF, TAG,
CARE, and RISE were applied to structure role-based

prompts for different massage types (Tab. 2). Among the five
prompt frameworks proposed by Khizer Abbas, BAB was
excluded due to its limited applicability in text-based input,
leaving four selected frameworks.

Each framework was adapted with terminology relevant
to skincare and aesthetics, structured as follows (Tab. 2).
Role (R) is Therapist’s role and gender, Task (T) is
Treatment purpose and anatomical focus, Format (F) is Spa
ambiance, background setting, and tools, Action (A) is
Techniques and pressure application, Goal (G) is Treatment
effects and overall impact, Context (C) is Treatment situation
and environment, Result (R) is Outcome and final state,
Example (E) is Reference images of similar treatments, Input
(D is Key elements of the treatment, Steps (S) is Treatment
procedures, Expectation (E) is Expected treatment effects. A
standardized prompt structure was applied across all massage
types, with customized elements assigned to each framework,
as detailed in Tab. 3 and 4.

Table 2 Framework Criteria for Massage Types

Framework Type Description
Role (R1) Therapist’s role, gender
RTF Task (T) Treatment purpose, anatomical focus
Format (F) Spa ambiance, background setting, tools
Task (T) Treatment purpose, anatomical focus
TAG Action (A) Technique, pressure application
Goal (G) Treatment effects, impact
Context (C) Treatment situation
CARE Action (A) Technique, pressure application
Result (R2) Treatment outcome, final state
Example (E) Reference image of similar treatments
Role (R1) Therapist’s role, gender
RISE Input (I) Key treatment elements
Steps (S) Treatment procedures
Expectation (E) | Expected treatment effects

Table 3 Application of Khizer Abbas Framework (Swedish, Foot, Bamboo)

Type Swedish Massage Foot Massage Bamboo Therapy
R1 | Swedish massage specialist / Female Reflexology specialist / Female Bamboo therapy specialist / Female
T Relaxation, comfort / Upper back area, Pain relief, internal function activation / Sole, Lymph circulation, detoxification / Upper back
effleurage instep, toes, ankle area, effleurage
F | A European-style spa room / Oil, hands A quiet and comfortable treatment space / Foot A nature-inspired spa room / Oil, bamboo
care cream, hands
A Effleurage - Petrissage - Friction - Tapotement - | Acupressure, rolling, stretching / Adjustable Effleurage - Petrissage - Rolling - Compression -
Vibration / Moderate pressure control pressure control Tapotement / Moderate pressure control
G Blood circulation, muscle relaxation / Improved foot health, increased joint flexibility / | Muscle fatigue relief, flexibility improvement /
Maintaining body balance Posture balance Maintaining body balance
Pre—.consultanon, chent.condmon qsse§sment, . | Recliner chair, massage bed, feet wrapped in Comfortable bed, selecting treatment based on
C | setting up massage environment (lighting, music, S, ..
warm towels client’s condition
bed temperature control)
Muscle tension relief, lymph circulation / Alleviated fatigue and pain / Feet become softer . . .
R2 Enhanced skin health and less fatigued Muscle fatigue relief, body balance adjustment
E | Photo of effleurage applied on a client’s back Image of a therapist using fingers and palms for Photo of a therapist using bamboo sticks on a
massage in a therapy space client lying comfortably
I | Tools, environment (diffuser) Foot condition assessment, reflex zone selection Body analysis, natural environment, various
bamboo tools
s Consultation - Preparation - Massage - Post- Preparation - Basic massage - Reflexology Preparation - Basic massage - Deep muscle care
treatment care acupressure - Rolling - Stretching - Stretching
E | Physical and mental recovery, stress relief FO(_)t _fz.itlgue relief, improved mobility in daily dey bglance maintenance, improved lymph
activities circulation, blood circulation
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Table 4 Application of Khizer Abbas Framework (Aromatherapy, Thai, Stone)

Type Aromatherapy Thai Therapy Stone Therapy

R1 | Aromatherapy Specialist / Female Thai Massage Specialist / Female Stone Therapy Specialist / Female

T Relaxation, emotional stability / Upper back / Improved flexibility, energy balance / Full-body | Muscle tension relief, stress reduction / Upper
Effleurage treatment back / Effleurage

F | Nature-inspired spa room / Oil, bamboo Tradltlp nal Thai-style interior, natural elements / Calm and soothing spa room / Stones, oil, lotion

Mat, oil, herbal compress
. . . Thai stretching - Acupressure - Deep Pressure - . .

Effleurage - Petrissage - Lymphatic Drainage - . Effleurage - Petrissage - Friction - Stone

A Herbal Compress Therapy / Light to strong .
Tapotement / Gentle touch pressure Therapy / Light to strong pressure
Tension relief, fatigue recovery, increased skin | Muscle relaxation, improved joint flexibility / Muscle knot relief, pain reduction / Decreased
elasticity / Health promotion Reduced physical fatigue physical fatigue

c Comfortable bed, client in a relaxed state, Traditional Thai spa room, comfortable mat, Quiet and cozy spa room, comfortable bed, hot
selection of essential oils stretching techniques stones
Feeling of lightness, emotional stability / . Lo . o . . .

R2 . . Detoxification, increased joint flexibility Muscle tension relief, reduced body fatigue
Improved circulation

E Client lying comfortably while the therapist Client in a relaxed state on a mat while the Client lying comfortably on a bed while the
gently applies oil for treatment therapist performs massage techniques therapist applies hot stone therapy

I Body analysis, oil selection, technique Traditional Thai spa environment, tools, natural | Environment (spa room), tools, technique
application elements application

S Preparation - Basic massage - Deep muscle Preparation - Basic stretching - Acupressure Preparation - Basic massage - Deep treatment -
treatment - Lymphatic circulation - Finalization | therapy - Finalization Hot stone application - Finalization
Induced deep sleep, improved skin elasticity, Nervous S}_/stem relaxation, str_ess reduction, Increased skin elasticity, relaxation, deep sleep

E . psychological balance restoration, enhanced . .
balanced body and mind concentration induction

3 RESULTS AND DISCUSSION
3.1 Image Generation Based on the R-T-F Prompt Framework

Applying the R-T-F framework, the generated images
effectively depicted the role, task, and format for each
massage type (Tab. 5). The image of Swedish Massage
emphasizes the role of a female professional therapist in a
European-style spa environment, highlighting a relaxing
ambiance in alignment with the treatment purpose and target
area. The image of Foot Massage showcases a female therapy
specialist in a quiet, cozy treatment room, applying foot care
techniques using specialized creams and tools on a client’s
feet. The image of Bamboo Therapy illustrates a female
therapist in a nature-friendly treatment room, gently treating
the client’s upper body using bamboo sticks and oil,
promoting lymph circulation and detoxification through
effleurage techniques. The image of Aromatherapy depicts a
female therapist in a nature-inspired treatment room stocked
with essential oils, applying gentle effleurage techniques to a
client’s back, aiding relaxation and emotional balance. The
image of Thai Massage features a female Thai massage

therapist conducting a full-body treatment on a mat in a spa
room with traditional Thai décor and natural elements, using
herbal compresses and oils. The image of Stone Therapy
portrays a female therapist utilizing hot stones, applying
effleurage techniques on a client’s back, aiming to relieve
muscle tension and stress. While the R-T-F framework
successfully structured key prompt elements, the Al-
generated outputs mainly produced illustrated images rather
than realistic representations, particularly for massage
techniques and exposed treatment areas. In the beauty image
generation study by Kim et al. (2025) [25], the R-T-F
framework was used to structure the prompt. The Role was
set as a beauty stylist, the Task involved presenting beauty
styling elements for generating seasonal images, and the
Format was designed to include both background and model
figures to generate a complete image. In contrast, the present
study focused more on the visual representation of skincare
techniques rather than beauty styling, with the prompt
structured around elements such as the expected effects of
treatment.

Table 5 Image Generation Based on the R-T-F prompt Framework

Type

Swedish Massage

Image

Description

Emphasized the
therapist's role in a
European-style spa;
relaxing ambiance
aligned with
treatment purpose.

Foot Massage

Displayed a therapist

applying foot care
using tools and
creams in a cozy
treatment room.

Bamboo Therap

Illustrated a therapist
using bamboo sticks
and oil on the upper

body; promoted
lymph circulation and
detox.

Aromatherap

Depicted therapist-
applying effleurage in
a nature-inspired
room with essential
oils; supported
relaxation.

Thai Massage

Featured a Thai
therapist conducting
full-body treatment

with herbal

compresses in a

traditional setting.

Showed a therapist

Stone Therap

using hot stones and
effleurage on the
back; aimed at
relieving muscle
tension.

3.2 Image Generation Based on the T-A-G Prompt Framework

Applying the T-A-G framework, the generated images
successfully incorporated techniques, actions, and goals for

each massage type (Tab. 6). The image of Swedish Massage
visually emphasized techniques and pressure control within
a relevant background setting, showcasing a harmonious
balance between body alignment and relaxation. The image
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of Foot Massage depicted only the act of massaging the
client’s feet, without effectively illustrating stretching
techniques or functional activation goals, suggesting the need
for clearer prompt instructions. The image of Bamboo
Therapy effectively categorized various techniques for
lymph circulation and muscle relaxation, while the goal and
impact were represented through a calm and comfortable
client’s expression. The image of Aromatherapy portrayed a
client experiencing relaxation and tension relief, with touch
sensations and massage techniques visually categorized. The
image of Thai Massage highlighted professional stretching
and acupressure techniques, while the client was depicted in
a deep relaxation state. The image of Stone Therapy
illustrated the application of stone therapy techniques,

emphasizing muscle tension relief and stress reduction.
When applying the T-A-G framework, massage techniques
and movements were categorized and visually represented,
while treatment effects were expressed through images of
clients with a relaxed and healing demeanor. Kim & Cho
(2024) [26] conducted a study applying generative Al in the
field of arts education, incorporating Khizer Abbas
framework into the lesson design process for practical classes
in theater production and primarily utilizing a role-based
prompt framework. In contrast, the present study is distinct
in that it involves the construction and application of multiple
prompt frameworks to generate and analyze Al-based
skincare massage images.

Table 6 Image Generation Based on the T-A-G prompt Framework

Foot Massage

Type Swedish Massage
| -

alignment and relaxing| and functional goals;
background. prompt refinement
needed.

Bamboo Therap

Muscle relaxation |Relaxation and tension

Image
Techniques and Foot massage action
pressure control shown| shown, but lacked |techniques represented;
Description in a balanced body clarity on stretching

client’s calm
expression conveyed
goal and effect.

Massage Stone Therap

# THFRA]

Aromath Thai
R -

|- e e

Stretching and Stone therapy

acupressure techniques | techniques illustrated;
highlighted; client emphasized muscle

shown in deep relief and stress
relaxation. reduction.

relief visualized;
techniques and
sensations clearly
depicted.

3.3 Image Generation Based on the C-A-R-E Prompt
Framework

Applying the C-A-R-E framework, the generated images
effectively emphasized treatment context, actions, results,
and examples for each massage type (Tab. 7). The image of
Swedish Massage highlighted the treatment environment and
results, depicting a spa setting with a well-structured
treatment space, including an example of effleurage applied
to a client’s back. The image of Foot Massage primarily
illustrated the treatment context, showing a warm and cozy
recliner chair. However, the treatment results and final state
were conveyed more abstractly rather than through direct
visual representation. The image of Bamboo Therapy

categorized the comfortable bed and treatment setting
visually, with bamboo tools shown alongside massage
techniques. The image of Aromatherapy illustrated the bed
and the client’s relaxed posture, with an example effectively
used to generate an accurate depiction. The image of Thai
Massage portrayed a traditional Thai spa environment
through natural elements, while the example showed a fully
relaxed client lying on a mat. The image of Stone Therapy
integrated a calm spa room, a comfortable bed, and hot stones,
with the treatment example properly applied to produce a
realistic result. When applying the C-A-R-E framework, the
images effectively depicted treatment contexts and examples,
while the treatment results and final states were primarily
conveyed through overall environmental settings.

Table 7 Image Generation Based on the C-A-R-E prompt Framework

Type Swedish Massage Foot Massage Bamboo Therapy Aromatherapy Thai Massage Stone Therapy
Image N R s -
‘e r e e b . . = “‘__‘fc‘ ol
Description Spa setting and Warm chair setting | Comfortable bed and | Client’s relaxed state Traditional Thai Spa room, bed, and
treatment results emphasized; results bamboo tools and treatment bed setting with natural hot stones well
clearly shown, expressed abstractly represented, shown, example used | elements, client fully | integrated, realistic
example of effleurage | rather than visually. | techniques illustrated | to enhance accuracy. relaxed on a mat. representation
applied to the back. in context. achieved through
applied example.

3.4 Image Generation Based on the R-I-S-E Prompt
Framework

Applying the R-I-S-E framework, the generated images
effectively depicted treatment elements, procedures, and

expected effects for each massage type (Tab. 8). The image
of Swedish Massage clearly represented the tools and
environment used in the treatment, with the step-by-step
process effectively visualized. The overall treatment effects
were conveyed through both imagery and background
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elements. The image of Foot Massage illustrated reflex zones
and foot condition assessments, while the treatment effects
were integrated into the background. Due to prompt
limitations, the image appeared more illustrative, but
Bamboo Therapy tools and environmental elements were
clearly represented. The treatment process was mainly
suggested through background imagery. The image of
Aromatherapy featured essential oils and technique
explanations in the background, with treatment effects such
as balance maintenance visually emphasized. The image of
Thai Massage effectively depicted the traditional Thai setting,
tools, and natural elements, with stress-reduction effects
prominently highlighted. The image of Stone Therapy
successfully showcased the spa room, treatment tools, and
various types of stones, offering a strong visual depiction of
the step-by-step process—particularly emphasizing deep
relaxation and sleep induction. When applying the R-I-S-E
framework, the images successfully visualized treatment

elements, procedures, and effects, harmonizing the
therapist’s expertise, the client’s relaxation, and the healing
atmosphere. This resulted in a comprehensive visual
representation of the core essence of each massage technique.
In the beauty image generation study by Kim et al. (2025)
[25], the R-I-S-E framework was used to structure the prompt.
The Role was set as a beauty stylist, and the Input involved
generating seasonal beauty styling content based on personal
color analysis using ChatGPT. The Steps provided a step-by-
step breakdown of beauty styling elements, and the
Expectation clearly stated the goal of generating character
images representing each season. In contrast, the present
study focuses not on beauty styling, but on aesthetic massage
types, structuring prompts around treatment procedures,
tools used, and expected effects. Thus, unlike the previous
study, this research emphasizes the visual representation of
hands-on treatment processes and therapeutic outcomes,
rather than stylistic image suggestions.

Table 8 Image Generation Based on the R-I-S-E prompt Framework

Aromatherapy

Thai Massage Stone Therapy

tools, environment,
and step-by-step
process; effects
shown through

condition shown;
effects integrated into
the background.

Type Swedish Massage Foot Massag Bamboo Therapy
Image e B3 LN
e et .
Description Clear depiction of | Reflex zones and foot | Bamboo tools and

natural setting
illustrated; process
implied via
background.

Essential oils and
techniques visualized;
emotional balance
emphasized.

Traditional Thai
setting and tools

depicted; stress-relief
effects highlighted.

Spa room and stones
shown; step-by-step
process and
relaxation effects
emphasized.

imagery.

4 CONCLUSION

This study applied Khizer Abbas' ChatGPT prompt
framework (R-T-F, T-A-G, C-A-R-E, R-I-S-E) to generate
and analyze Al-generated images representing various
massage treatment types. The results show that the structure
and content of the prompt framework have a significant
impact on the visual quality, clarity, and applicability of Al-
generated images. In particular, the results of this study show
that the generative Al can effectively visualize various
skincare massage types, and the choice of framework plays
an important role in how each treatment type is represented.
While the R-T-F framework visually organizes roles,
treatment environments, and treatment areas well, T-A-G
effectively represents background and relaxation states, but
lacks detailed technical representation. C-A-R-E mainly
conveys the end state through environmental factors, so the
results need to be represented more directly visually. R-1-S-
E effectively represents treatment elements and step-by-step
processes. Applying the image generation framework for
each massage type, we found that the R-T-F and R-I-S-E
frameworks were particularly effective in structurally
visualizing the treatment environment and treatment steps.

By analyzing the image representations in various
frameworks, this study showed that selecting a framework
appropriate for each massage treatment type can improve the
clarity and effectiveness of Al-generated visuals. Adjusting
the visual elements within the framework can lead to more

accurate and informative representations. In addition, Al-
based image generation had limitations in generating images
related to physical contact and specific occupations (e.g.,
massage therapists, medical institutions). However,
successful image generation was possible by modifying the
prompts to emphasize spa interiors, massage oils, and
treatment tools. In some cases, Al generated descriptive
images instead of realistic visuals.

The visual output generated in this study has strong
practical potential as an effective tool for supplementing
beauty education curricula and developing consumer-
targeted content in marketing. Therefore, further research on
standards and methodologies for writing effective prompts
for the beauty industry could expand the applicability of Al
in beauty, education, and design.

This study is significant in that it explores the potential
of Al image generation in the field of skin care, but it requires
supplementation in quantitative evaluation of the image
results. In addition, further research is needed on standards
and methodologies for writing effective prompts for the
beauty industry.
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Real-Time Hybrid Query Transformation Method for Enhancing Search System Performance
in Korean Language Applications

Hyun Jung Kim, Sang Hyun Yoo*

Abstract: This study addresses the real-time performance limits of Korean-language search systems caused by morphological complexity and the cost of semantic processing.
We propose a hybrid query transformation method that couples rule-based preprocessing with a Transformer-based postprocessor. The rule-based stage simplifies agglutinative
input, and the Transformer refines user intent and semantic context. On a curated Korean query set, our approach attains 89.0% Precision@5 (95% Cl: 87.2-90.7) with 95 ms
average latency (95% Cl: 92-98), about 21% faster than an NLP-only baseline. User surveys and expert interviews further confirm practical applicability. To strengthen reliability
and scope transparency, we report five-fold cross-validation, noise-robustness tests (spacing errors, minor typos), and comparisons against open proxy baselines (e.g., BM25+
KoNLPy). These additions clarify the study’s focus on Korean while providing reproducible evidence of robustness, positioning the framework as deployment-ready for Korean and

a solid basis for future multilingual extensions.

Keywords: NLP-based postprocessing; query optimization; real-time applications; real-time hybrid query transformation; rule-based preprocessing; search system performance

1 INTRODUCTION

In today’s information-rich environment, effective query
optimization is critical to ensure that search engines return
highly relevant results. Although Transformer-based models
excel at capturing contextual information [2, 3], unstructured
user queries still degrade retrieval quality and user
experience, as extensively documented by Mitra and
Craswell [7] and further explored by Lin et al. [8]. At the
same time, the computational cost of neural postprocessing
hinders real-time deployment. In contrast, rule-based
approaches provide rapid and predictable latency but lack the
sophistication to interpret complex, context-dependent
queries [4, 5]. This trade-off is evident in commercial
systems such as Naver, which continuously balance accuracy
and efficiency in production search [6].

To address these limitations, we introduce a real-time
hybrid query transformation framework that couples rule-
based preprocessing with Transformer-based postprocessing.
Prior hybrid methods show promise [9, 19, 20], yet they are
rarely optimized for agglutinative languages such as Korean,
where morphological complexity and variable word order
pose additional challenges. Our approach tailors the hybrid
pipeline to Korean: rule-based preprocessing normalizes
morphological artifacts and common surface noise (e.g.,
spacing errors, minor typos), while a Transformer refines
user intent and semantic context. This work addresses the
central research question: "Can a Korean-optimized hybrid
approach meaningfully outperform conventional methods in
both accuracy and speed to support real-time search?" We
hypothesize at least a 5% gain in Precision@?5 and a >15%
reduction in processing time over state-of-the-art NLP-only
baselines on a Korean query dataset.

We evaluate the approach on a curated dataset of 200
user queries (predominantly Korean). Focusing on Korean is
justified by the availability of high-quality annotated data
that enables controlled validation and establishes a
foundation for future multilingual studies. As an

agglutinative language with complex morphology and
flexible word order, Korean demands robust preprocessing to
extract meaningful terms and reliable semantic modeling to
capture context [5, 21]. Lee et al. (2022) [5], for example,
highlight these linguistic challenges in embedding-based
document similarity and propose semantic feature expansion
to mitigate morphological issues.

Direct benchmarking against proprietary industry
systems was infeasible due to the lack of standardized,
shareable datasets. Instead, we situate our method against
state-of-the-art academic baselines (e.g., Lim et al. [5, 19];
Dogan and Gurcan [20]) and strengthen reliability through (i)
five-fold cross-validation, (ii) noise-robustness tests (spacing
errors, minor typos), and (iii) open, industry-relevant proxy
baselines (e.g., BM25+KoNLPy and a lightweight neural
variant) that approximate practical behavior while remaining
reproducible. As a preview of results, our method achieves
89.0% Precision@5 (95% CI: 87.2-90.7) with 95 ms average
latency (95% CI: 92-98), about 21% faster than an NLP-only
baseline; detailed analyses appear in Section 4.

We note that our dataset is intentionally focused on
Korean (200 queries), so broad multilingual generalization
claims are out of scope. Nonetheless, the use of cross-
validation, robustness checks, and open proxy benchmarks
provides transparent and reproducible evidence of practical
relevance. Future work will scale to larger, multi-domain,
multilingual datasets and collaborate with industry partners
to evaluate on anonymized production logs.

2 RELATED WORKS

Search query optimization has emerged as a critical
research area in recent years driven by the need to interpret
and transform increasingly complex user queries accurately.
As Aggarwal comprehensively outlined in his work on
information retrieval and search engines [12], the evolution
of search technologies has been shaped by advances in both
algorithmic approaches and computational capabilities. Two
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main paradigms have dominated this field NLP-based
approaches and rule-based methods.

2.1 NLP-Based Approaches

Transformer models such as BERT (Bidirectional
Encoder Representations from Transformers) and T5 (Text-
to-Text Transfer Transformer) have revolutionized natural
language processing by providing deep contextual insights
that significantly enhance query transformation [2, 3]. The
Transformer architecture, introduced by Vaswani et al. in
"Attention is All You Need" [2], has laid the foundation for
large-scale models such as GPT and T5. In particular, TS
demonstrates exceptional performance in handling diverse
natural language processing tasks in a unified manner and has
been widely recognized for its application in search query
optimization [1]. As Craswell (2020) highlights in his
comprehensive review of deep learning applications in
information retrieval [15], these neural approaches have
dramatically transformed the search landscape by enabling a
more nuanced understanding of user queries. However,
despite their impressive capabilities, these models require
significant computational resources, which limit their
applicability in real-time scenarios [4, 8].

2.2 Rule-Based Approaches

In contrast, rule-based methods rely on heuristic
algorithms—including keyword extraction, stopword
removal, and syntactic parsing—to rapidly process user
queries [4, 5]. While these approaches offer superior
processing speed, they often lack the sophistication required
to handle complex, context-dependent queries, resulting in
performance degradation for intricate user inputs [13].
Furthermore, their reliance on fixed rules limits in processing
ambiguous or context-dependent queries [14].

2.3 Hybrid Approaches

To address these limitations, recent research has
explored hybrid frameworks that integrate the efficiency of
rule-based preprocessing with the contextual refinement of
NLP-based postprocessing. For example, Lim et al. (2023)
introduced a two-stage model that combines rule-based
preprocessing with Transformer-based postprocessing,
achieving notable improvements in precision and processing
speed [9]. Similarly, Dogan and Gurcan (2024) demonstrated
the feasibility of hybrid methods in domain-specific
applications such as e-business communication [19, 20].
Despite these advances, many studies have been limited to
specific domains or single-language datasets, constraining
their broader applicability [23, 24].

Moreover, emerging training algorithms such as the
Forward-Forward (FF) algorithm proposed by Hinton as an
alternative to backpropagation offer promising avenues for
further enhancing computational efficiency and training
stability [10]. Although these methods primarily target model
training dynamics, their integration with hybrid query

transformation techniques represents an intriguing direction
for future exploration.

By evaluating a hybrid query transformation framework
on a curated Korean dataset, our work rigorously compares
the performance of rule-based, NLP-based, and hybrid
methods while laying the groundwork for future multilingual
and domain-specific investigations. Similar hybrid
approaches have shown promise in other languages with
complex morphological structures, such as Shirko's work on
Wolaite language part-of-speech tagging [16], further
validating the potential of such methods across diverse
linguistic contexts. To extend this line of research, we
designed a hybrid framework specifically optimized for
Korean-language search queries and conducted empirical
evaluations using a curated dataset.

3 RESEARCH METHOD

This section presents the research methodology,
including dataset preparation, system architecture, and
evaluation criteria.

3.1 Dataset Preparation

To evaluate the performance of the hybrid query
transformation approach, a dataset comprising 200 user
queries was constructed based on real-world search data.

Despite its limited size, the dataset enables focused
evaluation of query transformation tailored to the linguistic
structure of the Korean language.

To ensure meaningful coverage even at a pilot scale, the
dataset was designed to encompass a variety of domains—
including dining recommendations, travel destinations,
technical information, medical inquiries, and financial
analysis [17]. To ensure diversity in query complexity, the
dataset was categorized into three levels based on syntactic
length and semantic intent: Simple (40%), Intermediate
(40%), and Complex (20%) (Fig. 1).

Examples of queries include.
¢ Simple: "Recommend a bibimbap restaurant in Seoul" /

L R EECESESIETET

e Intermediate: "List of South Korea presidents over the
past 5 years" /"E|Z sEH St N EH =5

e Complex: "Name of the science exhibition held in Seoul
last week" /"X| =3 M Z 0| A S 2l 1tst FA|2| O] B

Although the dataset includes multilingual queries
(Korean: 60%, English: 30%, Other: 10%) (Fog. 1), only the
Korean subset was used for the current experiments to focus
on the linguistic structure and agglutinative nature of Korean
[19]. All queries were manually annotated for domain,
complexity level, and intent (e.g., recommendation, factual
lookup).

The dataset was preprocessed using fuzzy matching
(threshold 0.85) to remove duplicates, and KoNLPy’s Mecab
analyzer for Korean normalization and morpheme
segmentation [22]. This preprocessing pipeline removed

TEHNICKI GLASNIK 20, 1(2026), 108-117

109



Hyun Jung Kim, Sang Hyun Yoo: Real-Time Hybrid Query Transformation Method for Enhancing Search System Performance in Korean Language Applications

approximately 15% of initially collected queries due to
duplication or ambiguity issues.

. Query Type Distribution .
= Language Distribution

Percentage (%)

Korean
60%

simple Medium Complex
Query Type

Figure 1 Query type and language distribution of the dataset

For Korean queries specifically, we implemented
additional preprocessing steps to address the language's
agglutinative nature. This included morpheme segmentation
to identify word boundaries and extract meaningful search
terms properly. For example, the unsegmented query
"M20| MH| LY =M F" was transformed into
"MZ0AM H| e SR FSHSHF", allowing the system to
extract meaningful terms for downstream processing. This
step is crucial for Korean language processing as improper
spacing is common in user queries and can significantly
impact search accuracy.

The final dataset is stored in a structured JSON format
with the following fields for each query: original text,
complexity level, domain category, search intent, and
expected relevant results. For this study, only the Korean
subset was utilized for experimentation.

Although the dataset comprises only 200 curated queries,
it was meticulously designed to ensure diversity in
complexity and domain coverage, thereby allowing a focused
yet meaningful evaluation. For future work, we plan to
augment the dataset using large-scale open corpora—such as
the AI-Hub Korean Query Dataset and multilingual TREC
datasets—to improve the robustness and generalizability of
the proposed approach.

3.2 Hybrid Approach

Our hybrid query transformation framework comprises
three modular stages: Rule-Based Preprocessing, NLP-Based
Postprocessing, and API-based Search Integration. Each
module is designed to improve performance incrementally,
while maintaining system responsiveness. This modular
architecture draws inspiration from conventional information
retrieval models [11] while incorporating modern NLP
techniques for enhanced performance.

(1) Rule-Based Preprocessing

In the initial stage, heuristic algorithms are applied to
simplify raw user queries. Key steps include.

e Keyword Extraction & Stopword Removal: Unnecessary
words (e.g., "is", "the") and punctuation are removed
using regular express10ns and morphological analysis.

e Query Simplification: For instance, the query "What is
the list of South Korea presidents?" is transformed into
"South Korea, presidents, list".

This stage reduces input complexity, thereby improving
processing speed for subsequent stages.

Fig. 2 illustrates the end-to-end hybrid query
transformation pipeline. It depicts the system's three core
stages: Rule-Based Preprocessing, NLP-Based
Postprocessing using T5-small, and integration with external
search engine APIs (e.g., Google, Naver).

[ User Query Input

Rule-Based Preprocessmg
(e.g., stopword removal,
keyword extractlon)

Slmp|lfled Query

(T5-small)
(e.g., contextual refinement,
exDanS|on)

Optlmlzed Query

]

Search Engine API
(Google Naver)

]
[ |
[ )
{ ase ostprocessmg }
[ )
[ )

Ranked Search Results
(with metadata)

Figure 2 Overview of the proposed hybrid query transformation pipeline

The diagram illustrates each transformation stage from
user input through rule-based simplification, neural
enrichment, and external API integration, culminating in
ranked search results with metadata.

(2) NLP-Based Postprocessing

The simplified query is then refined using the T5-small
model from Hugging Face's transformers library. T5-small
was chosen for its proven balance between computational
efficiency and contextual accuracy [1, 13]. We conducted
preliminary experiments comparing several Transformer-
based models, including BERT, RoBERTa, and T5 variants
to determine the most suitable model for our real-time
application. These experiments revealed that while larger
models offered potential accuracy improvements, they
significantly increased computational demands, with
processing times increasing by 45-60%. Given our target of
sub-100 ms response times for real-time search applications,
we determined that the T5-small model provided the optimal
trade-off between accuracy and efficiency. Detailed
performance comparisons are presented in Section 4.1.

For our implementation, we fine-tuned the T5-small
model, selected for its balance between performance and
efficiency, using a curated Korean query dataset.
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This choice was made after a comparative analysis of
alternative Transformer models such as BERT, RoBERTa,
and larger TS variants.

While larger models yielded slightly better accuracy,
they significantly increased inference time (by over 50%).

For our real-time application requiring sub-100 ms
response latency, T5-small provided the optimal trade-off.

Hyperparameters used for fine-tuning are summarized below:

Table 1 Fine-tuning hyperparameters for the T5-small model used in our hybrid
query transformation framework

Hyperparameter Value
Optimizer AdamW (weight decay = 0.01)
Learning rate Se-5
Batch size 32
Max sequence length 128
Num epochs 10

These settings were selected to balance model accuracy
and inference latency for real-time Korean search query
optimization.

This fine-tuning process adapted the model to the
specific patterns and requirements of Korean search queries,
improving its performance on our target task. The fine-tuned
model was then deployed using TensorFlow Serving on our
experimental hardware configuration.

In this stage, the model enriches the query by
incorporating additional semantic constraints (e.g., time
frames) to better align with the user's intent. For example,
"South Korea, presidents, list" is transformed into "List of
South Korea presidents over the past 5 years." Similarly, for

the Korean query "A| & St & (Seoul restaurants), the model

might expand it to "AZ0{A Q17| U= DHA OHE FEn
(Recommendations for popular Korean cuisine restaurants in
Seoul), incorporating implicit user intent and contextual
information.
(3) Search Engine Integration & Evaluation
The final optimized query is submitted to the Google
Search API, which retrieves search results and metadata
(such as titles, URLs, and snippets). We use the following
metrics to assess the query transformation's effectiveness.
e Precision@5: This metric measures the proportion of
relevant results among the top five search results,
reflecting the query’s accuracy.

Number of Relevant Documents inTop 5

: x100 (1)

Precision@5 =

For example, if 3 out of the top 5 results are relevant for
the query "List of South Korea presidents over the past 5

years", then: Precision@5 = % X 100 = 60%
e Recall: Recall measures the proportion of relevant

documents retrieved by the search engine compared to
the total number of relevant documents available.

Number of Relevant Documents Retrieved
Total Relevant Documents

Recall =

x 100 @)

For instance, if there are 10 relevant documents in total
and the engine retrieves 8 of them, then: Recall = %x
100 = 80%

e Average Query Processing Time: This metric, measured
in milliseconds (ms), reflects the overall efficiency of the
query transformation process, from initial rule-based
preprocessing to final retrieval of search results.

While alternative metrics such as F1 score or MAP were
considered, Precision and Recall were selected for their clear
interpretability in the context of search performance.

3.3 Experimental Setup

Experiments were conducted in a Python 3.13
environment using libraries such as Hugging Face's
transformers (version 4.30.2), PyTorch (version 2.0.1), and
the Google Search API (version 2.1.0). The hardware
configuration was carefully selected to balance performance
requirements with resource constraints. We used an NVIDIA
RTX 2080 GPU (8 GB VRAM) and 64 GB of DDR4 RAM
on a system with an Intel Core 19-11900K processor. This
configuration was chosen after preliminary testing revealed
that the T5-small model required approximately 2.5 GB of
VRAM during inference while maintaining enough
computational capacity to process multiple queries
simultaneously for batch testing.

All experiments were conducted in a controlled
environment with network latency to the Google Search API
averaging 35 ms (5 ms). To ensure consistency, each query
was processed 5 times, and the median processing time was
recorded. System monitoring during experiments showed
that GPU utilization remained below 80%, indicating that the
hardware was not a bottleneck for our processing pipeline.

3.4 Robustness Set & Cross-Validation Protocol

(1) Robustness set We create a noise-injection subset (n =
40) by (a) removing/merging whitespaces (spacing
errors) and (b) applying single-character
substitutions/insertions  consistent with  keyboard
proximity (minor typos). Each noised query is paired
with its clean version to enable within-query
comparisons. We report APrecision@5 (pp) and
Alatency (ms) relative to clean and compute 95%
bootstrap percentile Cls over query pairs (B = 10,000)

(2) Cross-validation To improve statistical reliability, we
run five-fold cross-validation on all 200 curated queries
with stratification by domain and complexity. We report
fold-wise means and 95% t-intervals X £ €9 9754, S /5.
For query-level latency on each fold, we additionally
provide bootstrap Cls. By default, all results in Section 4
are reported with their 95% confidence intervals, unless
explicitly noted otherwise.

3.5 Methodological Rationale

The proposed hybrid combines the throughput of rule-
based preprocessing with the semantic precision of a
Transformer postprocessor, addressing the core limitations of
each component. Beyond single-split outcomes, five-fold
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cross-validation and noise-injection experiments provide
statistical reliability and evidence of robustness to
spacing/typo perturbations. Comparisons with open,
industry-relevant proxy baselines (BM25+KoNLPy; a
lightweight neural variant) further offer transparent and
reproducible indications of practical competitiveness when
proprietary benchmarks are infeasible.

Limitations include the intentional focus on Korean and
a dataset of 200 queries, which constrain broad multilingual
claims. Future work will scale to larger, multi-domain,
multilingual datasets and explore -efficiency-improving
training schemes (e.g., Forward-Forward (FF) [10]). We also
plan standardized evaluations on anonymized production
logs in collaboration with industry partners.

4 RESEARCH VALIDATION

This section details our multi-method validation
approach to evaluate the effectiveness and real-world
applicability of the proposed hybrid query transformation
method.

To comprehensively validate the effectiveness and
practical applicability of our hybrid query transformation
method, we adopted a multi-method validation approach
comprising simulation experiments, a user questionnaire, and
structured interviews with domain experts.

4.1 Simulation Experiments

We conducted simulation experiments using our curated
dataset of 200 queries. The hybrid approach was compared
against conventional rule-based and NLP-based methods
using key performance metrics in these experiments.

e Precision@5 and Recall: These metrics assessed the
accuracy of the search results.

o Average Query Processing Time: This metric evaluated
the system's efficiency.

Table 2 Experimental results

Precision@5 Recall Average Processing Time
Approach %) @ %) 8 (ms) g
Rule-based 70 65 50
NLP-based 85 80 120
Hybrid 89 83 95

*Note: "ms" stands for milliseconds.

Precision@s Recall Processing Time
10 100

o 0 0
Fule-based [ — Hybrid Hule-based [r— Fybrid [ — [rr— Hybri

Figure 3 Performance Comparison with 95% Confidence Intervals

Each bar represents the average value of Precision@?,
Recall, and Processing Time for the three approaches (Rule-
based, NLP-based, Hybrid). Error bars indicate 95%

confidence intervals calculated using bootstrapping (B =
1000).

The hybrid approach achieves the highest accuracy while
maintaining approximately 21% faster processing than the
NLP-based method, with statistically robust performance.

4.2 Questionnaire Analysis

To further validate our approach from an end-user
perspective, we administered a structured questionnaire to
potential users of the search system. The questionnaire was
designed using a Likert scale (ranging from 1 to 5) to capture
feedback on key evaluation criteria. The survey evaluated
user perceptions of relevance, clarity, and response speed.

Table 3 Summary of questionnaire items

Evaluation Criteria Example Question Response Scale
Relevance How well do the transformed 1 (Poor) -5
queries match your intent? (Excellent)
. - How clear and easy-to-use are | 1 (Very Difficult)
Clarity & Usability the search results? —5 (Very Easy)
. How would you rate the 1 (Very Slow) — 5
Perceived Speed system's response time? (Very Fast)

100

80

60 1

Satisfaction (%)

40 +

204

Relevance Clarity & Usability
Evaluation Criteria

Figure 4 Survey results on user satisfaction metrics

Perceived Speed

Survey results supported simulation findings. Most
participants indicated that the transformed queries more
accurately reflected their intent and expressed high
satisfaction regarding clarity and response speed. These
results validate the hybrid system’s balanced performance.

4.3 Expert Interviews

To gain qualitative insights, we conducted semi-
structured interviews with five experts (three industry
professionals and two academic researchers). Open-ended
questions explored system strengths, adoption feasibility,
and future directions.

Table 4 Summary of expert interview questions
Interview Focus Example Question
Strengths and What are the strengths and limitations of the hybrid
Limitations method?

How feasible is integration into existing search

Practical Adoption systems?

. ‘What improvements or domain-specific
Future Directions p P

adaptations would you recommend?
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The interviews were transcribed and analyzed using
thematic coding. Experts generally affirmed the method's
ability to balance processing speed with contextual accuracy
and highlighted areas such as scalability and potential
integration challenges for future improvement. Their
feedback reinforced our quantitative findings and provided
actionable insights for extending the approach to broader,
real-world applications.

(1) SWOT Analysis Based on Expert Feedback

We synthesized expert feedback into a structured SWOT
(Strengths, Weaknesses, Opportunities, Threats) analysis to
assess the strategic positioning of the hybrid method.

Table 5 SWOT (strengths, weaknesses, opportunities, threats) analysis
SWOT Expert Feedback

Balanced speed and accuracy

Modular architecture

Effective contextual handling

Higher implementation complexity
Weaknesses | Dependence on quality NLP training data
Maintenance overhead

High demand in real-time search
Opportunities | Potential for domain-specific use
Extensibility to multilingual settings
Evolving end-to-end NLP systems
Threats Integration challenges in existing infrastructures
Language-specific deployment issues

Strengths

This SWOT analysis provides a structured roadmap for
understanding the strategic positioning of the hybrid
approach within the broader search optimization landscape.

4.4 Robustness & Generalization Checks

We evaluate the hybrid on a robustness set (spacing/typo
noise) and under five-fold cross-validation. The hybrid
maintains accuracy within <2.5 pp of clean while preserving
sub-100 ms latency. Concretely: spacing noise
APrecision@5 = —1.4 pp, typo noise —2.1 pp, and Alatency =
+4 ms.

Table 6 Robustness & Cross-Validation Summary

neural variant. Against BM25+KoNLPy, the hybrid achieves
+4.2 pp Precision@5 (95% CI: +3.0—+5.5) at comparable or
lower latency; against the lightweight neural proxy, it gains
+2.0 pp (95% CI: +0.9—+3.2) with similar latency-providing
transparent,  reproducible  evidence  of  practical
competitiveness.

Latency-Accuracy Trade-off

%01 Hkbrid
g5 NLP-only BF25+KDNLPy

Precision@5 (%)
@
3

~
@

o

@ Rule-based le-base:
70 4 NLP-only
BM25+KoNLPy
Hybrid

lZICI l]I.D 160 9‘0 Bb 7‘0 66 5‘0
Latency (ms)
Figure 5 Latency-Accuracy trade-off for Rule-based, NLP-only, BM25+KoNLPy,
and Hybrid. Hybrid achieves higher accuracy than NLP-only at lower latency and
remains competitive relative to BM25+KoNLPy, with 95% Cls shown as error bars

@

5 RESULTS AND DISCUSSION

This section synthesizes the quantitative outcomes from
simulation experiments and the qualitative feedback from
user surveys and expert interviews to present a
comprehensive evaluation of the proposed hybrid query
transformation method.

5.1 Quantitative Results

(1) Overall Performance
As shown in Tab. 6, the hybrid approach outperforms

. Precision@s | Recall | Latency 95% CI both the rule-based and NLP-based methods in terms of
Condition (%) (%) (ms) | (Precision@5) Precision@5 and Recall, achieving 89% and 83%,
Clean 89.0 83.0 95 (87.2-90.7) respectively. These results demonstrate that integrating rule-
ipacmg noise Sg'g (i —;.éltpp) 2?}1 gg (13) (Si'z’gg%) based preprocessing with NLP-based postprocessing
ypo folse -9 (A -2.1pp) ' () | (84.8-89.0) effectively leverages the strengths of both methods—
Precision@s Recall Latency computational speed and contextual understanding—while
Cross-Validation (CV) Fold DS ST T it
(%) (%) (ms) mitigating their individual limitations.
Fold 1 88.9 82.7 94
Fold 2 89.2 83.4 96 Table 7 Performance metrics by query complexity
Fold 3 89.1 83.1 95 Precisi 5 Average
Fold 4 88.7 82.9 97 Approach C Qu(ltl’y_t reczi/lt;n@ Recall (%) | Processing
Fold 5 89.0 83.0 95 ompiexity o Time (ms)
Avg 89.0 +0.7 83.0 £0.5 95 £2 Simple 82 78 45
*Note: Precision@5 confidence intervals are estimated via bootstrap (B = Rule-based | Intermediate 68 63 50
10,000) for robustness conditions and via t-interval across folds for cross- Complex 55 48 60
validation. Simple 87 83 110
NLP-based | Intermediate 85 80 120
4.5 Industry-Relevant Proxy Benchmark Complex 82 75 140
Simple 90 85 85
. . . . Hybrid Intermediate 89 83 95
To approximate real-world baselines in lieu of Complex 36 7 s

proprietary systems, we compare our method with
BM25+KoNLPy (morphological analyzer) and a lightweight
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To further explore performance under varying query
complexities, Tab. 7 presents a breakdown of metrics for
simple, intermediate, and complex queries.

The hybrid method maintains high accuracy across all
levels of query complexity while significantly reducing
processing time compared to the NLP-based method.

For instance, in handling complex queries, the hybrid
model achieves 86% Precision@5 in 115 ms, compared to
82% in 140 ms by the NLP-based model.

This performance gain can be attributed to two key
factors.

First, the rule-based preprocessing effectively reduces
noise and simplifies query structure, alleviating the
computational burden on the NLP model. This is particularly
beneficial for Korean, where morpheme-rich words often
lead to complexity. For example, the input

"M MIN2ZEROLFE" (Find hotels near Seoul

Station) is simplified to "M =% 7t77H2 2" before being
processed by the T5-small model. Second, the fine-tuned T5-
small model captures implicit user intent and contextual
relationships, improving semantic depth in transformed
queries.

The hybrid method’s average processing time (95ms) is
approximately 21% faster than that of the NLP-based
approach (120 ms), reinforcing its suitability for real-time
applications. Research has shown that delays exceeding 100
ms can negatively affect user engagement in interactive
systems. Although the rule-based method is the fastest (50

ms), it lags in accuracy (Precision@5 of 70%, Recall of 65%).

Fig. 3 further illustrates the results, showing that the
hybrid approach consistently scores highest in both
Precision@5 and Recall while achieving narrower
confidence intervals, which confirms the statistical
robustness of our method.

5.2 User Satisfaction

A structured questionnaire was administered to assess
the end-user perspective (see Section 4.2). Fig. 4 displays the
aggregated satisfaction scores across three criteria:
Relevance, Clarity & Usability, and Perceived Speed.
Participants rated the hybrid system particularly high for
perceived speed (85%), followed by relevance (80%) and
clarity (75%). These subjective evaluations corroborate the
quantitative results, suggesting that users perceive a tangible
improvement in the search process's accuracy and efficiency.

5.3 Qualitative Insights from Expert Interviews

We conducted in-depth interviews with five experts-
three industry professionals, and two academic researchers
provided additional qualitative insights (see Section 4.3). The
experts acknowledged the hybrid approach’s suitability for
real-time applications, citing its balanced performance in
terms of both accuracy and processing speed. At the same
time, they identified areas that warrant further development:

e Scalability: Larger-scale deployment might require
further optimization, particularly in handling high query
volumes.

e Multilingual Extension: While the current study focused
on Korean queries, experts emphasized the growing
demand for robust multilingual solutions.

e Domain-Specific Customization: Certain fields, such as
legal or medical domains, may require specialized rule
sets or fine-tuned NLP models.

5.4 Discussion/Limitations

The quantitative and qualitative findings collectively
confirm that the proposed hybrid query transformation
method addresses key challenges in real-time search
optimization. The system achieves a meaningful balance
between speed and accuracy by integrating rule-based
preprocessing to reduce input complexity and NLP-based
postprocessing to refine semantic context.

(1) Comparisons with Prior Work

The performance gains over rule-based or NLP-based
approaches align with previous research advocating for
hybrid frameworks [9, 19]. However, our work extends
beyond these previous studies in several important ways. Lim
et al. [5] reported a Precision@5 of 84% and an average
processing time of 110ms for their hybrid approach on a
general-purpose English dataset. Our method achieves a 5%
higher Precision@5 (89%) and a 14% faster processing time
(95ms) on a Korean dataset, demonstrating the effectiveness
of our language-specific optimizations.

Similarly, Dogan and Gurcan [20] achieved a
Precision@5 of 87% for their hybrid chatbot system in e-
business communication, but with a significantly longer
average processing time of 150 ms. Our method maintains
comparable accuracy while reducing processing time by 37%,
making it more suitable for real-time applications. Zhou et al.
[18] also demonstrated the effectiveness of learned query
rewrite systems using Monte Carlo tree search in database
applications, achieving 85% Precision@5 with 130 ms
processing time. While different in methodology, their
approach reinforces the importance of balancing accuracy
and efficiency in query transformation tasks and provides a
valuable benchmark for our work.

Table 8 Comparison with Previous Hybrid Approaches

o Average ..
Language | Precision@35 . Application
Study F(;gcusg %) @ Processing F]))pomain
Time (ms)
Our Method Korean 89 95 CS}ZI;:;?II
Limetal. [5] | English 84 110 C;Z:fcr}all
Dogan & . .
Gurcan [20] English 87 150 E-Business
Zhou etal. i Database
[18] English 85 130 Ouorios

This comparison highlights the competitive performance
of our approach in the context of existing research while also
demonstrating the value of language-specific optimizations
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for Korean search queries. The significant reduction in
processing time relative to NLP-heavy methods echoes the
need for computational efficiency in real-world applications
[4, 8], particularly for languages with complex
morphological structures like Korean.

(2) Error Analysis and Limitations

While our approach demonstrates competitive
performance compared to existing methods, a detailed error
analysis reveals important limitations that must be addressed
in future work. We conducted a thorough examination of
cases where the hybrid method failed to achieve optimal
results and identified several recurring patterns in these
failure cases.
e Domain-Specific Terminology: Queries containing

specialized terminology, particularly in medical and

technical domains, occasionally resulted in suboptimal

transformations. For example, the query "& 2 LHL|

AT QUK AN FEE" (side effects of vascular

endothelial growth factor inhibitors) was inadequately
transformed due to the specialized medical terminology.
e Cultural and Contextual References: Queries containing
cultural references or context-dependent terms
sometimes lead to misinterpretations. For instance,

nAA =] K] B (methods to prevent personal

information exposure—a Korean cultural concept) was
incorrectly interpreted due to the cultural specificity of

the term "2l 4 &7,

e Temporal Ambiguity: Queries with ambiguous temporal
references occasionally resulted in incorrect time frame
specifications. For example, "X @3t 8" (recent
movie recommendations) was sometimes interpreted
with an overly specific time frame that didn't align with
user intent.

e Complex Nested Queries: Queries containing multiple
nested conditions posed challenges for both the rule-
based preprocessing and NLP-based postprocessing

components. For example, "AZ0|A FAE U1
Jbzol elmel o|gQt YrEY
(recommend Italian restaurants in Seoul with parking

and reasonable prices) sometimes resulted in the
omission of certain conditions.

These findings highlight areas for future improvement,
particularly in handling domain-specific terminology and
cultural references. They also underscore the importance of
domain adaptation and cultural context in query
transformation systems, especially for languages with rich
cultural and contextual dependencies like Korean.

Although our approach demonstrates competitive
performance compared to recent academic studies, it should
be noted that direct benchmarking with commercial search
engines (e.g., Naver, Kakao) was not feasible due to the lack
of access to proprietary datasets and APIs. We acknowledge
this as a limitation in verifying real-world applicability.
Nevertheless, the consistent performance gains observed

across diverse complexity levels and comparisons with peer-
reviewed hybrid models suggest strong potential for industry
deployment. In future work, we plan to explore evaluations
using open large-scale Korean query datasets or engage in
industrial partnerships to enable direct benchmarking and
deeper validation in production settings.

(3) Practical benchmarking constraints and our
proxy

While our evaluation demonstrates strong performance
against recent academic baselines, we acknowledge the
absence of direct benchmarking against commercial systems
(e.g., Naver, Kakao). This limitation stems from restricted
access to proprietary APIs and the lack of standardized public
evaluation interfaces on those platforms. Nevertheless,
practical validation under realistic conditions is essential. To
approximate practice while preserving reproducibility, we
compare our method against open, industry-relevant proxies-
BM25+KoNLPy and a lightweight neural variant-where the
hybrid achieves +4.2 pp Precision@5 (95% CI: +3.0+5.5)
over BM25+KoNLPy at comparable or lower latency
(dlatency = —6 ms; 95% CI: -9 to —3) and +2.0 pp (95% CI:
+0.943.2) over the neural proxy with similar latency.
Together with five-fold cross-validation and noise-
robustness checks (spacing/typo), these results strengthen
external validity under realistic constraints.

As part of future work, we will pursue collaborations
with industry partners to conduct standardized benchmarking
on anonymized production query logs, aligned with
commercial evaluation protocols. Such benchmarking will
yield deeper insights into production-scale behavior and
further validate the hybrid’s practical applicability beyond
academic settings.

(4) Limitations, mitigations, and future work

Our dataset (200 queries) is intentionally curated for
Korean to control linguistic factors; therefore, broad claims
about multilingual generalization are premature. Direct
benchmarking against commercial systems was infeasible
due to proprietary interfaces and data.

We report five-fold cross-validation, noise-robustness
(spacing/typo) tests, and open proxy benchmarks against
BM25+KoNLPy and a lightweight neural variant, improving
statistical reliability and practical relevance.

We will (i) scale to >103 queries across multi-domain,
multilingual settings; (ii) conduct standardized evaluations
with industry partners on anonymized production logs; and
(iii) release reproducible code and configurations to facilitate
independent verification and extension. We also plan to
explore efficiency-oriented training schemes (e.g., Forward-
Forward [10]) and domain-specific  adaptations
(lexicons/rules and fine-tuning for e-commerce, medicine,
legal search) to address the failure modes identified above.

Taken together, these steps will strengthen external
validity and help translate the hybrid into production-grade
deployments.  Overall, the evidence-cross-validated
accuracy/latency, robustness under user-like noise,
user/expert feedback, and proxy baselines-supports the
hybrid as a deployment-ready solution for Korean and a solid
basis for broader extensions.
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6 CONCLUSION

This study demonstrates the viability of a real-time
hybrid query-transformation method that balances the
throughput of rule-based preprocessing with the semantic
precision of a Transformer postprocessor. On a curated
Korean query set, the hybrid attains 89.0% Precision@5
(95% CI: 87.2-90.7) with 95 ms latency (95% CI: 92-98)-
about 21% faster than an NLP-only baseline-thereby meeting
sub-100 ms requirements without sacrificing accuracy.
Robustness checks indicate only small degradations under
user-like noise (spacing: 4Precision@5 = —1.4 pp, typos: -
2.1 pp, latency: +4 ms), and five-fold cross-validation
supports the statistical reliability of the findings.
Comparisons against open, industry-relevant proxies-
BM25+KoNLPy and a lightweight neural variant-further
show +4.2 pp and +2.0 pp gains in Precision@5 at
comparable or lower latency, providing transparent and
reproducible evidence of practical competitiveness. User
questionnaires and expert interviews corroborate the
quantitative results, highlighting perceived relevance, clarity,
and responsiveness while pointing to remaining challenges
with domain-specific terminology, cultural/contextual
expressions, and multi-constraint queries.

At the same time, the dataset (200 queries) is
intentionally focused on Korean to control linguistic factors,
so broad multilingual claims are premature, and direct
benchmarking against commercial systems was infeasible
due to proprietary interfaces and data. To strengthen both
statistical credibility and practical relevance within these
constraints, we report five-fold cross-validation, noise-
robustness  tests, and open proxy benchmarks
(BM25+KoNLPy, lightweight neural). Looking ahead, we
will scale to >10% queries across multi-domain, multilingual
settings, conduct standardized evaluations with industry
partners on anonymized production logs, release
reproducible code and configurations, and explore
efficiency-oriented  training (e.g., Forward-Forward)
alongside domain-specific adaptations (lexicons/rules and
fine-tuning for e-commerce, medicine, and legal search) to
address the observed failure modes. Taken together, the
evidence-cross-validated accuracy and latency, robustness
under user-like noise, user/expert feedback, and proxy
baselines-supports the hybrid as a deployment-ready solution
for Korean and a solid basis for broader extensions.
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Research LLM: Using Large Language Models as a Research Companion

Guillaume Guerard*, Sonia Djebali, Maxime Hanus, Mark-Killian Zinenberg

Abstract: Large Language Models (LLM) are increasingly used as research companions, yet guidance for effective and responsible integration into scholarly workflows remains
under-specified. This paper presents a three-stage, human-in-the-loop framework supporting (i) proposal development, (ii) research design, and (iii) manuscript preparation. Each
stage operationalizes a toolbox of prompting and verification techniques—Context-Grounded Prompting, Graph-of-Thought, Self-Consistency, Contrastive Chain-of-Thought, and
Chain-of-Verification—paired with explicit human checkpoints. The framework is instantiated in a case study on mitigating intersectional bias in hiring models, with detailed datasets,
objectives, and evaluation metrics, and an exploratory pilot in which Master’s students apply the pipeline to thesis proposals. Results indicate that structured prompting improves
traceability and broadens the set of considered alternatives, while verification steps curb overconfident errors. Prompts, artifacts, and rubrics are made available to support
replication. The paper concludes with guidance on ethical deployment and limitations, emphasizing the primacy of human judgment in validating claims and shaping scholarly

contributions.

Keywords: Artificial Intelligence; Large Language Model; Research Methodology

1 INTRODUCTION

Artificial  Intelligence  (AI) is  fundamentally
transforming academic research by enhancing knowledge
discovery, data synthesis, and methodological structuring.
The exponential growth of scholarly literature presents a
significant challenge, making it increasingly difficult for
researchers to filter, analyze, and contextualize relevant
information [16]. Al-powered models and dedicated research
companions, such as https://answerthis.io and LitLLM,
address this challenge by providing real-time assistance in
idea generation, literature summarization, and the structuring
of research methodologies, thereby improving the efficiency
of systematic reviews and reducing cognitive load [2].

Traditional research workflows remain time-intensive,
requiring manual effort to formulate research questions,
synthesize literature, and identify novel research gaps—a
difficulty exacerbated in multidisciplinary contexts where
integrating diverse perspectives can be overwhelming [10,
14]. Al mitigates these inefficiencies by contributing to study
design, methodology validation, and bias detection [15].
Through retrieval-augmented insights and automated
comparisons, these tools enable more data-driven and
logically sound methodological choices [6].

Despite these advantages, the utility of Al is contingent
upon  rigorous  human  oversight.  Al-generated
recommendations are primarily pattern-based and can lack
the contextual adaptation, ethical reasoning, and domain-
specific accuracy essential for high-quality scholarship [1].
An over-reliance on Al outputs without critical evaluation
risks the propagation and amplification of biases and
inaccuracies. Al systems learn from human-generated data
and can reproduce and even amplify the biases contained
within it, which can in turn create a feedback loop that
increases bias in the humans interacting with them [9]. This
dependence on Al can also lead to cognitive offloading,
where the delegation of mental tasks to technology may
result in the deterioration of critical thinking and analytical
skills over time [8].

To address this, a human-in-the-loop approach is critical,
positioning Al as a collaborative augmentation tool rather
than an autonomous decision-maker. This model leverages
the complementary strengths of humans and Al, allowing
machines to handle data-intensive work while humans
provide oversight, interpretation, and final judgment [21]. By
integrating human expertise and accountability, this
collaborative process helps to mitigate risks and ensures that
Al-driven processes align with human values, leading to
more robust and trustworthy outcomes.

This model ensures that human researchers retain
ultimate control, validating Al-generated outputs, refining
nuanced arguments, and preserving the intellectual rigor
required to align research with scholarly standards.

This paper introduces a systematic framework for Al-
assisted research that formalizes the collaborative process
between scholar and machine, grounding the approach in the
long-standing scholarly tradition of using methodological
frameworks to ensure rigor, transparency, and replicability.
Established methodologies such as Systematic Literature
Reviews (SLRs), often guided by protocols like PRISMA
[11], and Framework Analysis for qualitative data [13],
demonstrate the value of a structured approach to managing
and interpreting complex information. Extending these
principles, the proposed framework presents a structured
methodology where an iterative feedback loop is used to
discover, organize, and refine academic work. This process
is designed to create a synergy between Al's efficiency and
the researcher's indispensable domain expertise, in line with
emerging models that aim to augment, not replace, scholarly
judgment. This approach addresses the need for structure
emphasized in recent work, including conceptual
frameworks for Al-assisted literature reviews [14] and
broader models that delineate human and Al roles to ensure
quality and ethical oversight. By building on these
established synthesis and analysis methodologies, the
framework provides a structured pathway for developing a
symbiotic relationship between researchers and Al
leveraging the strengths of each to advance scholarly inquiry.

118

TECHNICAL JOURNAL 20, 1(2026), 118-125



Guillaume Guerard et al.: Research LLM: Using Large Language Models as a Research Companion

The following sections detail this framework, beginning
with the role of the Al as an iterative research companion,
followed by specific workflows for research proposal
development, literature synthesis, and manuscript
preparation. This paper is concluded by summarizing our
findings and emphasizing the indispensable role of human-
driven validation in the age of Al-assisted research.

2 CORE CONCEPTS: A GLOSSARY OF ADVANCED
PROMPTING TECHNIQUES

Effective Al-assisted research hinges on the strategic
application of advanced prompting techniques. These
methods provide a structured interface for interacting with Al
models, guiding their reasoning processes to enhance output
quality and ensure methodological rigor. Each technique
serves a specific function, from grounding outputs in
established literature to validating claims and mitigating
cognitive biases. The core techniques integral to the research

framework proposed in this paper are defined in Tab. 1.

Table 1 A Glossary of Al Prompting Techniques for Academic Research

Prompting [20]

concepts, mapping
relationships between
variables, theories, and
methodologies.

Technique Description Primary Use Case
Context- Grounds Al outputs in Literature synthesis,
Grounded user-provided documents, | content validation,
Prompting reducing hallucinations and | ensuring
(CGP) ensuring factual accuracy. | recommendations are

based on seminal or

relevant papers.
Graph-of- Visually structures Structuring research
Thought (GoT) | connections between designs, conceptual

mapping, identifying
literature gaps.

Self-
Consistency
Prompting [17]

Generates multiple
reasoning paths or outputs
and selects the most
coherent and logical one.

Refining research
questions, validating
research designs,
generating robust paper
outlines

Reasoning [19]

process to break down
complex problems into
logical, sequential parts.

Contrastive Enables structured, side- Methodological selection
Chain-of- by-side comparisons of (e.g., comparing
Thought multiple methodologies, quantitative vs. qualitative
(CCoT) [5] theories, or viewpoints. approaches).
Chain-of- Improves reliability by Bias detection, robustness
Verification systematically cross- analysis, validation of
(CoVe) checking facts, questioning | claims and research gaps.
Prompting [7] | assumptions, and
generating
counterexamples.
Automatic Applies step-by-step logic | Evaluating
Reasoning and | and can integrate external | methodological
Tool Usage tools to perform feasibility | feasibility, assessing
(ART) [12] checks or complex ethical considerations,
reasoning tasks. checking data reliability.
Chain-of- Guides the Al through a Drafting
Thought (CoT) | step-by-step reasoning methodologically sound

arguments, ensuring
transparency in the
reasoning process.

Zero-Shot &
Few-Shot
Prompting [18]

Generates insights without
prior examples (Zero-Shot)
or with a few structured
examples (Few-Shot) to
guide its response.

Initial topic exploration
(Zero-Shot), refining tone
and style in writing (Few-
Shot).

Beyond their generative capabilities, these techniques
are crucial for implementing the "human-in-the-loop" model,
which acts as a safeguard against common pitfalls in Al-
assisted research. Cognitive biases such as confirmation bias
(favoring supportive information) and anchoring bias (over-
relying on initial suggestions) can be actively countered. For
instance, a researcher can employ CoVe to compel the Al to
seek counterexamples to its own claims, use CCoT to force
an impartial comparison between multiple perspectives, or
leverage Self-Consistency Prompting to evaluate a range of
possible solutions instead of a single output. By integrating
these validation techniques into the workflow, researchers
can augment their expertise with Al, ensuring the final work
is critically sound and meets the highest scholarly standards.

3 THE THREE-STAGE AI-ASSISTED RESEARCH PIPELINE

Al-powered research operates not as a linear process, but
as a continuous feedback loop that enhances conceptual
clarity and methodological rigor. By structuring the research
process into three distinct stages—proposal development,
methodological design, and manuscript preparation—the Al
research companion facilitates systematic knowledge
development. The following sections detail these structured
pipelines, emphasizing the synergy between advanced Al
prompting techniques and essential human oversight at
critical checkpoints.

3.1 Stage 1: Research Proposal Development

The initial stage focuses on transforming a broad area of
interest into a focused, well-grounded, and defensible
research proposal. This workflow ensures that research
questions are not only innovative but also firmly rooted in the
existing body of academic literature (see Fig. 1).

Title + Short

Description

Simple Questions

Research Questions

s ™\
\—b Literature Review

| —

Research Proposal

h 4

Research Design

Figure 1 Overview of the iterative research proposal workflow, moving from broad
literature synthesis to a refined research question

Conceptualization and Grounding (CGP): The
process begins with establishing a broad but accurate
understanding of the research topic. The researcher uses CGP
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by providing the AI with a curated set of seminal papers,
keywords, or preliminary notes. The AI retrieves and
synthesizes this literature to identify major themes,
foundational theories, key findings, and established
definitions. This grounds the entire project in verified
academic sources, ensuring relevance and preventing early-
stage misconceptions.

Knowledge Mapping and Gap Identification (GoT):
With a grounded understanding of the field, the next step is
to identify a clear, actionable research gap. Using GoT
prompting, the Al constructs a visual map of the relationships
between concepts, theories, and methodologies identified in
the synthesized literature. This conceptual map allows the
researcher to visualize the current state of knowledge,
identify underexplored connections, note conflicting
findings, and articulate a preliminary research gap with
precision.

Research Question Refinement (Self-Consistency &
CoVe): Based on the identified gap, the researcher prompts
the Al to generate multiple versions of a potential research
question using Self-Consistency Prompting. This technique
produces a diverse set of alternatives. Each candidate
question is then subjected to rigorous validation using CoVe.
In this step, the researcher prompts the Al to systematically
challenge the assumptions, scope, and feasibility of each
question. This adversarial process pressure-tests the
questions for robustness, resulting in a final research question
that is precise, impactful, and methodologically answerable.

Human Checkpoint: At the conclusion of this stage, the
researcher's intervention is paramount. The human expert
must: (1) Critically evaluate the Al-synthesized literature to
ensure the sources are appropriate and the interpretation is
accurate; (2) Validate that the identified research gap is
relevant and significant within the discipline; and (3) Make
the final selection of the research question, ensuring it aligns
with the project's long-term goals and their own domain
expertise. This checkpoint prevents over-reliance on Al
suggestions and ensures the proposal is built on a solid
intellectual foundation.

3.2 Stage 2: Methodological Design and Validation

This stage translates the validated research question into
a robust, transparent, and defensible research design. It
provides a systematic framework for constructing,
evaluating, and refining the study's methodology to ensure it
is sound, aligned with disciplinary standards, and resilient to
bias (see Fig. 2).

Methodological Analysis (CGP & GoT): The
researcher initiates this phase by using CGP to provide the
Al with existing studies that have similar research aims. The
Al deconstructs and synthesizes the methodologies from
these papers, identifying common research designs, data
collection techniques, and analytical frameworks. To deepen
this analysis, GoT is used to map the components of these
designs (e.g., variables, controls, statistical tests), clarifying
the intricate relationships and dependencies within
established methodological precedents.

Comparative Selection (CCoT & ART): With a clear
understanding of existing methods, the Al is prompted to
generate and compare multiple viable research design

alternatives. Using CCoT, the Al creates a structured, side-
by-side comparison of different approaches (e.g.,
experimental vs. observational, quantitative vs. qualitative).
For each option, ART is applied to systematically assess its
feasibility, ethical implications, resource requirements, and
methodological trade-offs (e.g., internal vs. external
validity). This produces a ranked recommendation,
empowering the researcher to make an informed choice.

Research Proposal

Analyzing Research
Design

A

Research Design
Selection

Research Design
Fitting

s ™y
4){ Research Methods }—b Bias Detection
p "y

h 4

Research Design

Experiments and
Results

Figure 2 The iterative research design workflow, focused on selecting and
validating a methodologically sound approach.

Bias Detection and Robustness Check (CoVe &
ART): Before finalizing the design, a critical stress test is
performed. The researcher uses CoVe to systematically
challenge the chosen design's underlying assumptions and
proactively identify potential sources of bias in sampling,
data collection, or interpretation. ART can be used in parallel
to apply formal logic to probe for hidden methodological
weaknesses or inconsistencies. This critical validation step
ensures the final design is as rigorous and impartial as
possible.

Human Checkpoint: Human oversight is indispensable
for methodological validation. The researcher must: (1)
Scrutinize the Al's feasibility analysis, bringing practical,
real-world knowledge of costs, timelines, and data
accessibility; (2) Make the final decision on the research
design, balancing the Al's logical recommendations with
their own disciplinary expertise and intuition; and (3)
Assume full responsibility for the ethical integrity of the
design, ensuring it meets institutional and scholarly
standards.

3.3 Stage 3: Al-Assisted Manuscript Preparation
The final stage streamlines the transformation of

research findings into a polished, publication-ready paper.
This workflow integrates Al for efficiency in structuring,
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drafting, and refining, while preserving the researcher's
intellectual ownership and narrative control (see Fig. 3).

Experiments and

Results

Draft (human-based Structuring Research
contents) Paper

v

Draft (Al-Driven) H Edé‘%%ﬁg:ﬁ;:;“}

Figure 3 The iterative research writing workflow, balancing Al-driven drafting with
essential human refinement and intellectual contribution.

Writing Process

Structural Outlining (CGP, GoT & Self-
Consistency): The process begins with creating a
comprehensive and logical outline. The AI uses CGP to
retrieve standard paper structures aligned with target journal
guidelines (e.g., IMRaD). GoT is then used to map the
narrative flow, ensuring the core arguments connect logically
from the introduction to the conclusion. Finally, Self-
Consistency Prompting can generate several complete
outline variations, allowing the researcher to select and refine
the structure that best highlights the study's contributions.

Al-Powered Drafting (CoT & Few-Shot): With an
approved outline, the Al assists in generating initial draft
content. For complex sections requiring logical transparency,
such as the methodology or discussion, CoT reasoning is
used to produce well-structured, step-by-step paragraphs. To
align the text with the desired academic voice, Few-Shot
prompting is then applied, where the researcher provides
high-quality writing samples to guide the Al's tone, style, and
terminology.

Iterative Refinement and Humanization (Human
Review): This final sub-step is fundamentally human-driven
and iterative. The researcher directs the Al to perform
specific revisions, such as improving clarity, checking for
inconsistencies, and enhancing readability by removing
repetitive or formulaic phrasing. However, the core
intellectual work rests with the researcher, who is responsible
for weaving the Al-generated components into a cohesive
and compelling narrative, integrating domain-specific
nuance, and ensuring the final arguments are persuasive and
insightful.

Human Checkpoint: The final checkpoint is the most
critical, as it determines the manuscript's intellectual
integrity. The researcher must: (1) Conduct a thorough
review to verify the technical accuracy of all claims and data
interpretations; (2) Assume full ownership of the narrative,
ensuring the paper's voice is authentic and the arguments are
novel; and (3) Infuse the manuscript with the high-level

critical insights and scholarly perspective that only a human
expert can provide. This final humanization phase is what
elevates an Al-assisted draft into a genuine contribution to
academic knowledge.

4 ILLUSTRATIVE CASE STUDY: MITIGATING BIAS IN Al
HIRING ALGORITHMS

To demonstrate the practical application of the three-
stage pipeline, this section provides a concrete case study of
a machine learning research project. The project's goal is to
design and validate a novel technique for mitigating
intersectional bias in Al-powered hiring algorithms. Each
stage includes examples of user prompts and illustrative Al
responses, showcasing the collaborative workflow.

4.1 Stage 1: Research Proposal Development

Conceptualization and Grounding (CGP): "Based on
references Buolamwini & Gebru (2018) [22] and Kearns &
Roth (2019) [23], synthesize the primary themes and
established definitions related to algorithmic bias."

Ilustrative AI Response: "The provided literature
establishes two primary themes: (1) Algorithmic systems
often amplify societal biases present in training data, and (2)
‘Fairness’ is not a monolithic concept, with definitions like
demographic parity and equalized odds often being mutually
exclusive. Key definitions include ‘intersectional bias,’
where performance disparities are significantly worse for
individuals in subgroups defined by multiple attributes (e.g.,
women of color)."

Knowledge Mapping and Gap Identification (GoT):
"Create a conceptual map showing the relationships between
different fairness mitigation techniques (pre-processing, in-
processing, post-processing) and the fairness definitions they
typically address. Highlight areas with weaker connections."

Ilustrative AI Response: "A knowledge map shows
strong connections between pre-processing techniques (e.g.,
re-weighting) and demographic parity. Similarly, in-
processing techniques are often linked to equalized odds.
However, the map reveals a weak link between most
established techniques and the explicit mitigation of
‘intersectional bias,” suggesting a significant research gap."

Research Question Refinement (Self-Consistency &
CoVe): "Generate three potential research questions to
address the gap in intersectional bias mitigation. For each, list
its primary challenge or assumption."

Illustrative AI Response: "1) Question: How can
adversarial debiasing be adapted to mitigate intersectional
bias in hiring models? Challenge: Adversarial training can be
unstable and may harm model accuracy. 2) Question: What
is the impact of synthetic data generation for rebalancing
intersectional subgroups on fairness? Challenge: Synthetic
data may not capture the true characteristics of
underrepresented groups. 3) Question: To what extent can
multi-objective optimization balance predictive accuracy
with intersectional fairness metrics? Challenge: Defining a
robust intersectional fairness metric for optimization is non-
trivial."
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4.2 Stage 2: Methodological Design and Validation

Methodological Analysis (CGP & GoT): "Analyze the
methodologies of the attached papers on fairness in hiring.
Map their experimental components, including datasets,
model architectures, and evaluation metrics."

Illustrative AI Response: "The analysis shows a
common pattern: most studies use the ‘Adult Census’ or
‘COMPAS’ datasets with models like Logistic Regression or
Gradient Boosting. Evaluation relies on metrics like
Disparate Impact and Statistical Parity Difference. A
conceptual map indicates that the ‘Folktables’ dataset, which
is better suited for intersectional analysis, is underutilized in
this context."

Comparative Selection (CCoT & ART): "Compare an
experimental design using the public Folktables dataset
against a case study design using proprietary data from a tech
company. Evaluate each based on internal validity, external
validity, and feasibility."

Illustrative AI Response: "Experimental Design: High
internal validity and reproducibility due to the controlled
public dataset. Lower external validity as Folktables may not
represent a specific company's hiring pipeline. Case Study
Design: High external validity and real-world impact. Low
internal validity due to confounding variables and lack of
reproducibility. Feasibility is lower due to data privacy and
access constraints."

Bias Detection and Robustness Check (CoVe &
ART): "We have selected the experimental design.
Challenge this choice. Identify the three most significant
potential sources of bias when using the Folktables dataset to
study hiring bias."

Illustrative AI Response: "1. Measurement Bias: The
target variable (‘income >$50K’) is a poor proxy for a
successful hire. 2. Sampling Bias: The dataset is not
representative of all industries, limiting generalizability. 3.
Construct Validity: The available features may not include
key qualifications relevant to hiring, forcing the model to rely
on demographic proxies."

4.3 Stage 3: Al-Assisted Manuscript Preparation

Structural Outlining (CGP, GoT, & Self-
Consistency): "Generate a paper outline based on the IEEE
conference format for our study on mitigating intersectional
bias with multi-objective optimization."

Ilustrative AI Response: "The Al generates a standard
IMRaD outline formatted for IEEE: I. Introduction; II.
Related Work (A. Fairness Metrics, B. Mitigation
Techniques); III.  Methodology (A. Dataset and
Preprocessing, B. Model Architecture, C. Proposed
Optimization Algorithm); IV. Experiments and Results; V.
Discussion; VI. Conclusion."

Al-Powered Drafting (CoT & Few-Shot): "Draft the
‘Methodology’ section. Step 1: Describe the Folktables
dataset. Step 2: Detail the XGBoost model architecture. Step
3: Explain our multi-objective loss function. Here is an
example methodology section from another paper to guide
the academic tone: [paste example]."

Ilustrative AI Response: "The Al generates a multi-
paragraph draft. ‘IIll. METHODOLOGY. A. Dataset and
Preprocessing: We use the 2018 Folktables dataset from the
American Community Survey... B. Model Architecture: Our
classification model is an XGBoost classifier with... C.
Proposed Fairness Intervention: We introduce a multi-
objective loss function defined as $L =\alpha L {CE} + (1-
\alpha) L_{IF}$...”"

Iterative Refinement and Humanization (Human
Review): "Review the following draft of the ‘Discussion’
section. Improve the flow and remove repetitive phrases like
‘It is important to note that...” Ensure the claims are directly
supported by the results mentioned."

Illustrative Al Response (Revised Text): "It is
important to note that our model showed a 2% drop in
accuracy. This finding is significant. It is also important to
note that fairness for Black women improved by 15%."

The revised text become "While our intervention led to a
modest 2% decrease in overall accuracy, it achieved a
substantial 15% improvement in fairness for Black women,
demonstrating a clear and impactful trade-off that prioritizes
equity for the most vulnerable intersectional subgroup."

5 LIMITATIONS AND ETHICAL CONSIDERATIONS

While the Al-assisted research pipeline offers powerful
tools for enhancing scholarly productivity, its responsible
implementation demands a critical awareness of its
limitations and a firm commitment to ethical academic
practice. The framework presented in this paper is designed
to leverage pre-trained LLMs as assistants, not as
autonomous creators of knowledge. The efficacy and
integrity of the entire process, therefore, depend on the
researcher's ability to maintain rigorous oversight over tools
they did not create.

Factual Accuracy and the Risk of ""Hallucination". A
primary limitation of LLMs is their lack of genuine
comprehension; they operate on sophisticated pattern
recognition, not true reasoning [17]. This can lead to outputs
that are grammatically correct and stylistically plausible but
factually inaccurate, logically flawed, or entirely
nonsensical—a phenomenon known as "hallucination." A
significant risk for academic writing is the generation of
fabricated citations, references, or data points that appear
authentic but are completely fictitious [3]. This makes human
verification a non-negotiable step. Every claim, citation, and
piece of data generated by an Al must be meticulously fact-
checked against reliable sources to ensure the manuscript's
scholarly integrity.

Bias Amplification in AI Outputs. LLMs are
fundamentally shaped by the vast, static datasets on which
they were trained, and these datasets inevitably reflect
existing societal and historical biases [4]. Consequently, Al
models can inadvertently replicate and even amplify these
biases in their outputs. For example, an Al's synthesis of
literature may overemphasize dominant theoretical
perspectives while underrepresenting or mischaracterizing
marginalized viewpoints. The researcher bears the ultimate
responsibility to critically evaluate all Al-generated content
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for hidden biases, actively anticipate how they might
manifest, and correct for them to ensure a balanced and
equitable scholarly narrative.

Authorship, Accountability, and Plagiarism. A firm
consensus has emerged in the academic community: an LLM
cannot be credited as an author. Authorship requires
accountability and responsibility for the work's integrity,
which a machine cannot assume. The human researcher who
employs Al tools is fully and solely responsible for the final
manuscript's content, originality, and accuracy. To maintain
transparency, many journals and institutions now mandate
explicit disclosure of Al tool usage. Furthermore, researchers
must diligently check Al-generated text for unintentional
plagiarism, as models may reproduce passages from their
training data verbatim without proper attribution. The
boundary between using Al as a tool and presenting its output
as one's own intellectual work must be scrupulously managed
to uphold academic integrity.

Over-Reliance and the Risk of Stifled Creativity.
While Al can accelerate structured tasks, over-reliance on it
poses a risk to the core of scholarly inquiry: critical thinking
and intellectual innovation. Using a handful of dominant
LLMs for fundamental tasks like identifying research gaps or
structuring arguments could lead to a homogenization of
ideas and a convergence of methodologies across the
academic landscape. This may stifle the creativity,
serendipity, and diversity of thought that fuel groundbreaking
research. The primary role of Al should be to handle rote or
organizational tasks, thereby freeing up the human researcher
to focus on novel insights, creative problem-solving, and the
development of a unique intellectual voice. Al should
augment, not replace, the critical and creative faculties of the
scholar.

6 PILOT STUDY: FRAMEWORK APPLICATION WITH
MASTER'S-LEVEL RESEARCHERS

To assess the real-world feasibility and practical utility
of the three-stage framework, an exploratory pilot study was
conducted with a cohort of Master's students (both M1 and
M2 levels) in a research-focused track. The students were
tasked with using the Al-assisted pipeline to develop an
initial proposal for their master's thesis. The objective of this
study was not to derive quantitative performance metrics but
to adopt a qualitative and observational approach. The study
aimed to identify the framework's pedagogical value, its
practical challenges, and the operational reality of the
"Human Checkpoint" when implemented by novice
researchers. The following sections synthesize the key
observations from this pilot, organized thematically.

6.1 Theme 1: Scaffolding the Research Process for Novice
Researchers

Conceptualization and Grounding (Stage 1): Students
reported that the structured process of using CGP with a
small set of foundational papers provided a tangible entry
point into a dense body of literature. The Al-driven synthesis

of key themes and definitions furnished them with a
foundational vocabulary and a conceptual map.

Methodological Literacy (Stage 2): Stage 2 proved
particularly valuable for students struggling to connect a
research question to a concrete research design. The use of
CCoT to generate side-by-side comparisons of different
methodologies (e.g., a qualitative case study vs. a
quantitative survey) transformed an abstract decision into a
structured analysis of trade-offs. This process appeared to
enhance students' understanding of concepts like internal vs.
external validity by forcing consideration of the practical
implications of each choice.

6.2 Theme 2: The "Human Checkpoint™ as a Pedagogical
Tool

Observations from the study strongly validated the
necessity of the "Human Checkpoint", revealing its dual
function as both a quality control mechanism and a critical
pedagogical tool. A consistent pattern of anchoring bias was
observed, wherein students tended to over-rely on the initial
Al-generated outputs, particularly in the early stages of
research.

Overcoming Anchoring Bias: Without explicit
guidance, students frequently demonstrated a reluctance to
challenge or significantly refine the Al's first suggestions.
For example, several students initially accepted an Al-
generated research question without critically evaluating its
scope or feasibility.

The Supervisor as the Human Checkpoint: The
intervention of a human supervisor proved paramount. One
student, following an Al suggestion, drafted a proposal to
study hiring bias across all Fortune 500 companies---a
project far too broad for a master's thesis. The subsequent
human checkpoint with their supervisor was essential. The
supervisor guided the student to use the Al's initial output as
a starting point, but then to apply critical constraints (e.g.,
focusing on a single industry or a specific type of algorithm).
This transformed the checkpoint from a simple "go/no-go"
gate into a teachable moment about the practical realities of
research scoping. In this context, the framework facilitated a
more focused and effective conversation between the student
and supervisor.

6.3 Theme 3: Practical Challenges and Directions for Future
Work

The application of the framework by novice researchers
also highlighted several practical challenges that inform the
need for future research.

Prompt Engineering as a Skill Barrier: Students often
struggled to write effective prompts. Their initial prompts
were frequently too vague, leading to generic or irrelevant Al
outputs. This suggests that the successful application of this
framework depends on a secondary skill---prompt
engineering---which itself requires training and practice.

The '"Credibility Ilusion': The highly fluent and
authoritative tone of Al-generated text often created a
"credibility illusion". Students found it difficult to distinguish
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between a well-written but methodologically flawed
suggestion and a genuinely sound one. This underscores the
cognitive burden that remains on the human researcher to
possess enough domain knowledge to critically evaluate Al
outputs.

These observations lead directly to avenues for future
study. While this pilot confirmed the framework's feasibility,
the next stage of research must focus on developing and
measuring the effectiveness of pedagogical interventions.
Future studies should aim to create structured training
materials for students on prompt engineering and critical Al
output evaluation. Furthermore, developing robust metrics to
assess the quality of a research proposal (e.g., clarity,
feasibility, novelty) will be essential for any future
quantitative comparison between this framework and
traditional research methods.

7 DISCUSSION

The proposed framework positions Al-assisted research
as a structured collaboration, balancing technological
affordances with established principles of scholarly rigor. By
formalizing a HITL model, the framework defines AI’s role
as one of augmentation, not autonomous execution. This
distinction is critical for mitigating risks inherent in
automation, such as the uncritical adoption of Al-generated
outputs or the amplification of algorithmic biases. The
model’s emphasis on active intellectual oversight directly
counters the risk of cognitive offloading, a phenomenon
where reliance on technology can diminish a researcher's
critical skills.

A primary implication of this approach is the promotion
of transparency and replicability in a domain where processes
can become opaque. In a manner analogous to the PRISMA
guidelines for systematic reviews, the framework provides a
clear methodology that can be documented, scrutinized, and
reproduced. This structured process strengthens the
credibility of the research findings and serves as a vital
pedagogical model for training the next generation of
researchers in the responsible and effective use of Al tools.

The framework’s most significant limitation, however, is
the methodological and evaluative challenge of defining its
success. There are currently no standardized Key
Performance Indicators (KPIs) to objectively compare the
quality of its outputs against that of traditional, human-only
research. While metrics of efficiency like time saved are
easily measured, they fail to capture the core dimensions of
scholarly value: the novelty of insights, the depth of critical
analysis, or the serendipity of discovery. This challenge is
amplified by the framework’s intrinsic dependence on
researcher expertise. The quality of the final output is
inextricably linked to the user's ability to craft precise
prompts and critically vet Al-generated content.
Consequently, assessing the framework’s definitive
advantage remains a complex, qualitative endeavour, moving
beyond the question of "faster" to the much harder-to-define
"better."

Addressing these limitations requires further research,
particularly empirical validation through cross-disciplinary
case studies. Such work would help refine the framework’s
stages and identify discipline-specific adaptations. Future

efforts could also focus on developing integrated software
tools that guide researchers through the framework,
facilitating the systematic documentation required for
transparent reporting and, eventually, comparative analysis.

8 CONCLUSION

This paper introduced a systematic, three-stage
framework that operationalizes the collaboration between
researchers and large language models. By structuring the
research  process into  discrete  phases—Proposal
Development, Data Analysis and Interpretation, and
Manuscript Drafting—the framework provides a replicable
workflow for leveraging Al to enhance scholarly output. Its
principal contribution is a structured methodology that
integrates Al as a specialized assistant for knowledge
discovery and content generation while ensuring that logical
coherence and intellectual integrity are maintained at every
step.

The central thesis of this work is that the efficacy of Al
in research hinges upon the non-negotiable role of human
intellect. The framework is intentionally designed with
critical "Human Checkpoints" where the researcher’s domain
expertise, critical judgment, and ethical oversight are not just
beneficial, but indispensable. Al-generated content, while
often structurally coherent, lacks genuine comprehension and
remains susceptible to factual inaccuracies and embedded
biases. The Al can provide the scaffolding, but it is the human
scholar who must act as the architect—validating claims,
challenging assumptions, and infusing the work with the
novel interpretation that constitutes a true contribution to
knowledge.

Ultimately, the responsible integration of Al into
research workflows presents a profound opportunity to
deepen analysis, optimize efficiency, and expand the
frontiers of inquiry. As these technologies evolve, the
challenge for the academic community will be to co-evolve
with them, refining collaborative frameworks that balance
the automation of tasks with the amplification of intellect.
This synergy does not replace the scholar; it redefines the
scholar's role toward one of critical inquiry director, arbiter
of validity, and architect of meaning in an increasingly
complex information landscape.
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Experimental Investigation on Material Removal Rate and Tool Wear Rate for Machining Metal
Matrix Composites in EDM Process

Abbas Fadhil Ibrahim*, Shakir M. Mousa, Semyan Omed Alyousifi, Diana Abed al Kareem Noori

Abstract: Electrical discharge machining (EDM) is one of non-traditional cutting method or manufacturing process for processing brittle and solid materials like composite materials
and other difficult to machine materials. It is most usually utilized to manufacture metal matrix composites (MMCs) and is very solid materials. Aluminum based MMCs are to a
large degree utilized in defense and aviation parts for their advanced and new characteristics like strength to weight ratio, high rigidity etc. The aluminum alloy 6061 and 7.5% SiC
has been used as a workpiece and copper as a tool electrode, discharge current (Iy), pulse on-time (Ton), and pulse off-time (Torr) were selected as machining dependent variables
for this study. The dependent variables were tool wear rate (TWR) and material removal rate (MRR). The experiments are planned using Box-Behnken design. Empirical models
are developed for MRR and TWR using the analysis of variance (ANOVA) and regression models. The getted results showed that the MRR is increasing with increasing in I, and

Ton while TWR is decreasing when Iy and Ton is increase.

Keywords: analysis of variance; electrical discharge machining; material removal rate; tool wear rate

1 INTRODUCTION

In conventional machines, it is difficult to machining
hardened and composite materials at high speed and accepta-
ble surface quality. A non-conventional process, like (EDM),
is the better choice for this kind of material to overcome these
conditions [1]. Electrical discharge machining emerged for
the manufacture of conductive materials that are hard or im-
possible to cut with conventional machines [2]. However, the
primary cause of the EDM machining will be specified by
electrical conditions like voltage, package current, pulse time
length, workpiece material and characteristic of electrode,
such as thermal conductivity and material melting tempera-
ture [3, 4]. Copper works well as a tool and is vastly used
when smooth work-piece finishing are required [5]. As a re-
sult of the interest in the development of electrical discharge
machines, this led to significant improvements in EDM tech-
nology. Currently, advanced electrical discharge machines
are available for most applications of machine workshops
[6]. Metal Matrix Compounds (MMCs) are relatively low
density based on magnesium or, aluminum, or titanium and
stiffeners such as Al,O3, SiC, TiB; or TiC [7, 8]. MMCs pro-
vides support and distributes the load to the structure while
the particle or fiber stiffeners from supply useful mechanical,
physical or thermal as performance. Therefore, MMCs are
light metal or alloy and have high specific characteristics
(like wear resistance, toughness, and strength), becoming a
sought-after alternative in industrial applications. MMCs are
produced in many different manufacturing process (like
molding Metal injection, friction stirring process, mechanical
alloying, pressure casting technology, continuous binder
powder coating, etc.) [9]. Silicon carbide (SiC), which is also
famous as carborundum, has very good mechanical charac-
teristics. And thermal conductivity the value of the density
of Silicon carbide is similar to that of Al. Therefore SiC re-
inforcement alloy composites are the typical choosing of ma-
terial for defends functionalities in flight, defense purposes,

rigged structural, and heavy manufacturing industries, owing
to their tribological and mechanical properties [10].

Several experiments and investigations conducted in the
EDM process, it was observed that the melting points is im-
pact to the 7WR and the MRR increased with increasing I,.
Ref. [11] investigated the effect of controllable parameters of
I,, V, and pulse duration and duty cycle on process response
such as TWR, MRR and Ra with cry therapy electrode. The
results show that /;, and 7,, and duty cycles have an important
influence on the TWR and MRR. Ref. [12] examined 7o, and
I, in Inconel 718 EDM with a CuW as a tool. The values in-
dicated that the maximum removal rate was 28.37 mm?*/min
with highest 7, (40 A) and longest tone (400 ps). Ref. [1]
studied optimization of variables for silicon zed silicon car-
bide (SiSiC) on the responses; TWR, Ra and MRR. By new
design (FCCC) was utilized on the experiments [13]. The
work studied the topical surface property of an arranged Ti-
tanium (Ti-6Al1-4V) alloys in (EDM) process. Ref. [14] pre-
pared the metal matrix composite, AA 6061 reinforced with
S5wt% SiC particles by stir casting method, in EDM machin-
ing process to determine MRR and SR. Ref. [15] discussed
the experiments of the EDM that were conducted to examine
the influence of machining parameters, including current,
pulse on, and duty factors on the MRR, and SR of the Al-
alloy with-5%SiC-10%B4C hybrid composite as workpiece
using copper electrode tool by Box-Behnken design. Ref.
[16] Conducted a hybrid magnetic field assisted powder
mixed on silicon carbide (Al-SiC) MMCs, current, P, and
Pgraffected the duration and type of dielectric conditions sig-
nificantly on the removal rate. The electrical energy in EDM
is changed to heat energy by the series of separate electrical
discharges that happen between the specimen and the elec-
trode immersed in the dielectric medium, which works on
this chain to melt then evaporate the metal from the work-
piece surface, thus removing the material [17, 18].

The importance of the research lies in the manufacture
and operation of Al alloy (6061) reinforced with 7.5% silicon
carbide, has been fabricated through stir casting, which is
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characterized by high wear resistance, stiffness, and light-
weight and can be used in molds, automobile industry, and
nuclear plants.

In this paper, a composite material was employed as Al-
alloy with 7.5% SiC reinforcement, current, pulse on dura-
tion, and pulse off duration were chosen as process parame-
ters, while the material removal rate and the tool wear ratio
were chosen as process performance indicators.

2 DETERMINE THE MATERIAL REMOVAL RATE AND TOOL
WEAR RATE

Material removal rate is a performance measure of work-
piece wear rate expressed in the volume of material separated
from the sample per unit time and is usually used to deter-
mine the speed at which processing is performed. Melting
point is a significant parameter in determining the wear of the
tool and depends on the factors of the machine [19, 20]. MRR
and TWR are determined in Eq. (1) and (2) respectively,
which depend on the weight of the work piece and tool before
and after manufacturing, as well as the processing time [21-
23].

W, —W,)-1000

wrr =" T , mm>/min (1)

Where: W, - weight of specimen before EDM (g), W, - weight
of specimen after EDM (g), T - processing time (min), py -
density of specimen material (py = 2.77 g/cm?).

(T, -T,)-1000

TWR =
(pt'Tm)

, mm’® / min 2)

Where: T - weight of tool before EDM (g), 7. - weight of
tool after EDM (g), T - processing time (min), p;- density of
tool material (p; = 8.96 g/cm?).

3 METHODOLGY OF BOX-BEHNKEN DESIGN

Box—Behnken designs are experimental designs for re-
sponse surface methodology used in various statistical oper-
ations, invented by George E. B. Box and Donald Behnken
in 1960, where at least three levels are required to achieve the
goal, where each independent variable is set to one of the
three values and equally, usually coded as —1, 0, +1.

The Box—Behnken design is considered more efficient
and reliable than other designs such as the central component
design, the three-level full factor design, and the Dohlert de-
sign [24].

4 EXPERIMENTAL WORK

The composite material specimen is produced of an Al-
alloy matrix (AA6061) and 7.5% SiC. Silicon carbide has
been utilized as a good abrasive material and has been in
products with grinding wheels for over a hundred years. After

that, the material has been advanced into high-quality ceram-
ics with thermal and high mechanical properties. It is utilized
in many more applications. The material can also be made
electrically conductive and highly resistant to heating. The
stir-casting method was utilized to manufacture size material.
The composite porosity is about 7.5% SiC reinforced with 50
pm as grain size. The experiment was planned design and
survey analyzed by utilizing Minitab 19 software with 13 test
according to Box-Behnken design. As well, input three pa-
rameters containing the 7, Ton, and the Toir were selected for
the investigation. The aluminum alloy was heated for one
hour and the silicon carbide granules were melted at (750°C)
to separate gases and moisture from the surface of the work-
piece layer [9]. The preheated SiC particle powder was added
(7.5%) into the melt metal. After adding the nano silicon car-
bide powder, and for the purpose of obtaining a better homo-
geneity and distribution, we continue to stir for 10 minutes.
The molten state was kept for one minute to remove the slag.
and then the molten aluminum was poured into the graphite
moulds. The important properties of the matrix and reinforce-
ment are shown in Tab. 1.

Table 1 Properties of AA6061 and SiC

k= « 2
ety 2 o B~ ERCRY
Material £ ‘\ED é‘)g 28& § S E
8= | 3 222 | EE2
= = S
AA6061 2710 893 70000 180
SiC 3200 3003 410000 120

The experimental have been done on EDM machine (CM
323C) with kerosene as dielectric solution, as shown in Fig.

Key board and
L/ control unit

L~ Electrode
support

Container of
dielectric

Figure 1 EDM type machine (CM323C)

In the experimental work a tool electrode was selected
from pure copper material (@4x100 mm). Copper has good
EDM wear and better conductivity. The chemical composi-
tion for tool and AA6061 as shown in Tabs. 2 and 3 respec-
tively.
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Table 2 The chemical composition of Cu tool electrode W%
Pb Sn Si Sb Te Cu
<0.005 0.003 0.010 0.033 0.015 Rem

Table 3 The chemical composition of specimen AA6061 W%
Cu Mg Si Cr Fe Mn Al
0.25 0.92 0.62 0.22 0.23 0.03 Rem

The normal workpiece polarity (+) was chosen. The
study work includes thirteen tests according to the design of
experiments and testing research plan. The machining param-
eters were listed in Tab. 4. It was selected based on previous
research, which gives the best results for material removal
rate and tool wear rate.

Table 4 Variables value

5 RESULTS AND DISCUSSION

According to the set of experimental outcomes achieved
from Tab. 5 in appendix A, the influence of the independent
variables Pi, Ton and Tor on the two dependent variables that
is MRR and TWR by used copper tool. The (AA 6061) with
7.5 % SiC can easily be machined by electrical discharge ma-
chining and maximum material removal rate, minimum tool
wear rate can be obtained by controlling the machining pa-
rameters. ANOVA and from MINITAB 19 software is uti-
lized to determine the effective of variables on the desired
achievement measures. The largest material removal rate oc-
curred in experiment 11, where 7, (30 A), Pon (200 ps), and
Posr (12 ps), this is due to the increase in current with the in-
crease in pulse time, which will lead to an increase in the

Variables Symbol : 2val“e 3 strength of the electric spark in the cutting zone and the melt-
Current (A) A 10 20 30 ing of the mat.erlal more quickly. While minimum tool wear
Pulse on duration (us) T 100 150 200 rate occurred in experiment 2, where I, (10A), Po, (100 ps),
Pulse off duration (ps) Totr 6 12 24 and Posr (12 ps), this is due to reducing the current value and
pulse time, which leads to increasing the tool life.
Table 5 Response (output) result and Box—Behnken design of the set experiments
Run order Current Pulse on Pulse off MRR meas:ured MRR pred%cted TWR measgred TWR predif:ted
(A) (us) (us) (mm®/min) (mm?®/min) (mm®/min) (mm?®/min)
1 30 100 6 4.368 4.81705 0.6320 0.63131
2 10 100 12 2.521 2.98170 0.0290 0.09782
3 10 150 6 2.975 3.13805 0.1471 0.17733
4 20 150 12 4814 4.73200 0.5580 0.54400
5 10 200 6 3.624 3.48575 0.1950 0.22353
6 30 200 6 5.517 5.51245 0.7630 0.72371
7 20 100 6 4.273 3.80370 0.5860 0.53111
8 10 200 24 2.362 2.56025 0.2640 0.15691
9 30 150 24 5.263 5.79625 0.5640 0.61089
10 20 200 24 4.336 4.35210 0.4880 0.55689
11 30 200 12 6.861 6.48230 0.6730 0.69040
12 30 100 24 5.780 5.44855 0.5890 0.56469
13 10 100 24 2.281 1.86485 0.0850 0.06451

5.1 Analysis of Variance (ANOVA)

The claimant's null hypothesis was used in response to
the 95% confidence point and the specified effective bound-
ary conditions are a partial quadratic model of the automated
processing process. Fisher's test (F-test) the significance of
the strong function. If the (p-value) is 0.05, it is concluded
that this parameter has a statistically significant influence.
Tabs. 6, and 7 referred to the definitions of information of
ANOVA for the MRR and TWR of EDM process. From non-
linear regression models mathematical relationships were ob-
tained between machining parameters, MRR and TWR as in
Egs. (3) and (4) respectively.

5.2 Prediction Mathematical Model of MRR

In order to estimate the final results of the MRR output
response shown in Tab. (4), the ANOVA functions are run to
decrease the p-value by utilizing the three-factor levels of the
backward transform model. A model F value of 22.54 indi-
cates that the pattern is significant. "Prob > F" values less
than 0.05 referred the momentousness of the model terminol-

ogy. Therefore, current, pulse on time, and the interaction be-
tween current and pulse off time are significant sample terms.
The predicted regression model empirical equation for MRR
is:

MRR =0.487+0.0754- [, +0.00695-T,,, +0.148-T,r

) 3/ A3)
~0.00808 - T % +0.00432 -1, - T, mm*/min
Table 6 ANOVA for MRR

Source | DF | Sum of squares | Mean of squares | F-value | p-value
Model 5 23.1353 4.6271 22.54 | 0.000
Linear 3 20.9358 6.9786 34.00 | 0.000
A 1 19.6729 19.6729 95.84 | 0.000
B 1 1.2090 1.2090 5.89 0.046
C 1 0.0540 0.0540 0.26 0.624
Square 1 0.9873 0.9873 4.81 0.064
BxB 1 0.9873 0.9873 4.81 0.064
2-wayint. | 1 1.2121 1.2121 5.90 0.045
AxC 1 1.2121 1.2121 5.90 0.045
Error 7 1.4369 0.2053 / /
Total 12 24.5723 / / /
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The three-dimensional graphs presented in Figs. 2-4
were utilized to estimate and explicate the experimental
model.

Fig. 2 shows that the (MR) increases with increasing /,
(up to 30 A) and the pulses over the duration (up to 200 ps)
reach the value (6.861 mm?>/min), Presence of SiC particles
affects higher MRR can be achieved by increasing current.
Fig. 3 clarifies the 3D graphs for material removal rate
(MRR) utilizing the 7, (30 A) and Tofr (15 ps), and the maxi-
mum surface roughness obtained when using reaches, the
values (6.861 mm?/min). Fig. 4 shows the 3D graphs for MRR
utilizing the Ton (200) and Tosr (15 ps, and the last maximum
(MRR) getted when utilizing the kerosene dielectric reaches
the values (6.861 mm?/min). This means that with get in-
creasing the value of both the 7, and the 7oy, the productivity
increases. Thus, the Tiis means that by get increasing the
value of both the 7, and the 7,n, productivity get increases.
Thus, the amount of heat energy generated will be large,
which leads to an increase in the melting process and succes-
sive abrasive to separate the out layers from the surface of the
work piece.

L]

MRR (mm3/min)

Puise onf{usec)
Figure 2 Relationship between MRR, current, and pulse on

&

MRR(mm3/min)

4
30

* Current(A)
U 1z
1B

Pulse off(usec)
Figure 3 Relationship between MRR, pulse off, and current

(-]
MRR{mm3/min)

ric o

= Pulse on(usec)

#

Pulse off{usec)
Figure 4 Relationship between MRR, pulse off, and pulse on

5.3 Prediction Mathematical Model of TWR

To evaluate the results of the instrument wear rate (7WR)
given in Tab. 7 where the model F-value of 45.87 indicates
that the model is significant. Therefore, current, pulse on
time, and (current)? are very important specimen terms. The
predicted final empirical equation is:

TWR =—0.639 +0.085 1, +0.000924 T, —
“4)
~0.0037 - T,y —0.001499- 12, mm® /min

In Egs. (3) and (4) it was also apparent that the greatest
significant machining variable input was current amplitude
and impact on estimated or predicted MRR and then TWR

Table 7 ANOVA for TWR
Source | DF | Sum of squares | Mean of squares | F-value | p-value
Model | 4 0.70974 0.177434 45.87 0.000
Linear | 3 0.65789 0.219297 56.70 0.000
A 1 0.62545 0.625450 161.70 | 0.000
B 1 0.02134 0.021344 5.52 0.047
C 1 0.01110 0.011096 2.87 0.129
Square | 1 0.05185 0.051847 13.40 0.006
Ax4 1 0.05185 0.051847 13.40 0.006
Error 8 0.03094 0.003868 / /
Total 12 0.74068 / / /
075
TWR (mm 3/minf®

a2s 2

fae * Current(A)

100
150 10

Puise on{usec)
Figure 5 Relationship between TWR, current, and pulse on

Figs. 5-7 show the effect of the EDM variables on the
TWR. Fig. 5 illustrates that when utilizing the 7, (10 A) and
Ton (100 ps), the value of TWR decreased to (0.0290
mm?/min). Fig. 6 indicates the 3D graphs for TWR using the
pulse current (10 A) and pulse off duration (15 psec), and the
minimum 7WR gets when utilizing reaches, the rate values
(0.0290 mm®/min). Fig. 7 shows the 3D graphs for TWR
utilizing the 7, (100) and 7on (15 psec), and the minimum
value of TWR is reached (0.0290 mm?*/min).

o7s

TWR{mm3/miff"

* Current(A)

1=

13 N w
Pulse off{usec)
Figure 6 Relationship between material removal rates, current, and pulse off
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Figure 7 Relationship between material removal rates, pulse on, and pulse off
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Figure 9 Probability plot for TWR
5.4 Probability plot for MRR and TWR

Figs. 8 and 9 are represents the normal plot of residuals
for material removal rate and tool wear rate separately re-
spectively. All data are clearly normal and there is no deflec-
tion from the usually, due all the points on the normal plot
represented as in straight line.

5.5 SEM Inspection of Machined Surface

From Figs. 10 and 11 show the microstructure inspection
for experiment 2 and 11 at the low and high energy respec-
tively , where the processing input parameters in Fig. 10 are
at pulse on time (100 ps), current (10 A) and pulse off time
(12 ps). During the time that the processing input parameters
in Fig. 11 at pulse time (200 ps), current (30 A) and pulse off
time (12 ps), which showed in the state of a large quantity of
highly molten material on the top layers' surface and very
deep holes as well as micro-cracks.

Craters

Debris

SEMMAG: 1.01kx  SEM HV: 30.00 kv
Name: WD: 10.72 mm 50 pm
Date(midy): 01/04/22 NavReUoT A

Figure 10 Fine structure microstructure of the machined surface at the low energy

VEGAW TESCAN

Micro cracks

" 4

SEM MAG: 1.01 kx SEM HV: 30.00 kv

VEGAW TESCAN
Name: WD: 10.55 mm 50 pm -

Date(m/dAy): 01/04/22 NAMRCAJOT n

Figure 11 Fine structure microstructure of the machined surface at the high energy

Through the pulse on time value increases with time,
more amount pulse discharge energy is released, thus gener-
ating more heat, resulting in the evaporation and melting of
material a minute particles from the top surface of the work-
piece and the action of forming relatively great large dark
holes on the top surface. The still-remaining a thin piece of
material sticks to the surface to form spherical pieces of
waste as pellets and debris. When the particles of carbon re-
act with the molten metal, it naturally and after that, the cool-
ing process leads to union bonds greater than the original el-
ement, and when the stress on the surface exceeds the end the
ultimate tensile strength of the material, in this case, cracks
form.

6 CONCLUSIONS

In this study, has been made to estimate or predict (7TWR)
and (MRR) in EDM of Al-alloy with 7.5% SiC using a Box-
Behnken design procedure. The maximum MRR is achieved
when the 7, and 7,, are very high and 7o is (12 psec),
whereas the lower value of TWR is observed when the 7, and
Ton are minimum value and the Ty is 12 us. ANOVA table
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shows that /;, and 7o, are an important parameter. The normal
probability plot indicates that the mathematical regression
model agrees passably well with noticed values and the errors
are normally distributed. In the next work, the study can be
involved for other output responses like recast layer white
(RLW), surface roughness (SR), and radial over cut (ROC).
The final results from this paper will be beneficial for pro-
duction engineers to choosing suitable design of process var-
iable parameters to machine Al-alloy with 7.5% SiC.
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Assessment of Forces Acting on the Gondola Car Body during Transportation of Rolled Wire
Bundles

Angela Shvets*, Vladyslav Shaposhnyk, Leontii Muradian, Anzhelika Shvets, Alexei Reidemeister, Oleksandr Shykunov, Dmytro Molchanov

Abstract: The article gives an assessment of the possible reasons for the fall of a gondola car wall onto the side track, which occurred on the section of the regional branch of the
Pridneprovskaya Railway. To determine the possible reasons for the breakage of the car side wall, a comparison of the forces acting from the side of rolled wire bundles on the
car body structure with permissible loads on the body elements was made. Vertical and transverse inertial forces and forces from the load thrust were considered as such forces.
The total loads obtained as a result of the calculation do not exceed the permissible values for gondola car bodies and confirm that the considered local technical conditions for

stowing rolled wire bundles met the current requirements and did not cause a breakage of the side wall of the gondola car body.

Keywords: gondola car; inertial forces; load thrust forces; rolled wire bundle; stowing and securing of cargo; strength

1 INTRODUCTION

Traffic safety on railways depends not only on the
maintenance of rolling stock and infrastructure, but also, to a
large extent, on the reliability of cargo securing and it’s
stowing in the rolling stock in accordance with the existing
standards. The diverse range of cargoes transported by rail
requires both a variety of types of freight cars and a
significant amount of technical documentation establishing
methods for stowing and securing cargo (local technical
conditions — LTC, unforeseen technical specifications of
UTS and sketches). The need to develop technical conditions
is caused by the specifics of a particular cargo and the
conditions for its securing, not provided for by the technical
conditions for stowing and securing cargo in cars and
containers [1, 2]. The development of technical conditions is
associated not only with ensuring the reliability of securing,
preservation of cargo and rolling stock, but also with the need
for rational use of the body volume, carrying capacity of the
car and ensuring the minimum cost of the securing method
(labor intensity of handling operations, the cost of materials
and securing elements). Compliance with these
requirements, which may contradict each other, is the main
task during the development of cargo stowage and securing
schemes. Non-compliance with these requirements results in
increase in the cost of transportation or uncoupling of cars
along the route due to the displacement/falling of cargo,
weakening/breakage of securing means, exceeding the
loading gauge, etc., as a result of which both the consignors
and the railways bear significant financial costs [3].

In July 2020, on the Voskoboynya — Verkhnedneprovsk
section of the regional branch of Pridneprovskaya Railway
the side wall of the gondola car body fell onto the track
during the train movement, followed by the loss of 14
bundles of rolled wire. Falling of cargo under the rolling
stock has led to the derailment of three cars and a locomotive
of the train, which was moving along an adjacent track (Fig.
1) [4].

The reason for the fall of the side wall of the car body,
which had an extended service life, was its break from the

corner posts with subsequent bending of the intermediate
transverse beams and breakage from all transverse beams due
to poor-quality welded joints between them.

Figure 1 Consequences of a transport accident on the Voskoboynya —
Verkhnedneprovsk section

It was established that the transport accident occurred
due to the breakage of the side panel from the fastening
points, namely the bolster and intermediate beams and from
the end posts and end beam, due to the presence of significant
metal corrosion at the points of their connection (Fig. 2).

o e

Figure 2 Breakage of the side panel from the gtening points

Another reason was considered the exceedance of the
lateral loads from the transported cargo on the side wall due
to the incorrect calculations when developing a method for
its stowing in a gondola car.
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2 LITERATURE REVIEW AND PROBLEM DEFINITION

When developing technical conditions for stowing and
securing of cargoes, as noted in the works [1, 5], the human
factor associated with violations of the technological process
of stowing and securing of cargoes, which is most often
manifested in the supply of faulty cars for loading, excess of
the permissible load capacity of the car, uneven cargo
stowage should be taken into account. All this can result in
serious damage to cargo, rolling stock and railway
infrastructure. The human factor can also be associated with
the imperfection of the developed securing schemes and
errors in them.

In order to increase the reliability of cargo securing when
transporting it in the gondola cars, work [6] proposes a
modernization option. It provides for the implementation of
pull-out bars, which will increase the reliability of cargo
securing when loading with a "hat" that is beyond the upper
strapping of the side wall.

The works [7-11] are devoted to the problem of
calculating the strength of the body and the frame of the
freight cars. The results of works [6, 12] confirm the
sufficient body strength, but they do not take into account the
nuances of the transportation of bundles related with the
action of a concentrated load, which is applied to the body
posts in two places along the body height, which depends on
the bundle diameter. In work [8], the structural strength of a
universal flat car is estimated when a specialized frame with
containers is placed on it. The articles [10, 12] analyze the
residual life of gondola cars, depending on the service life
and the car body material under conditions of acting
operating loads and corrosive wear. Based on the results of
the presented studies, it was found that the resource of the
supporting body elements is 29-37 years, depending on the
level of corrosion damage. However, the work did not take
into account the human factor, and the traffic accident on the
Voskoboynya — Verkhnedneprovsk section was caused by
non-compliance with the requirements of TsV-0142 "Cars of
freight railways of Ukraine with 1520 (1524) mm gauge.
Depot repair instructions" and the requirements of STP 04-
020:2018 "Freight cars and containers. Welding and welding
deposition instructions".

To transport rolled wire along the main routes, shippers
choose general-purpose gondola cars, it is possible to
transport wire in specialized and modernized flat cars for
transporting sheet steel. But, in this case, there is a significant
underutilization of the carrying capacity of the car due to the
impossibility of bundle stowing in two tiers, which
significantly increases the transportation cost.

The article [13] describes the capabilities and advantages
of an automated system for the development of technical
conditions for the stowing and securing of cargoes in cars and
containers. The decision-making algorithm makes it possible
to automate the process of developing technical conditions,
taking into account the possibility of two-axis displacement
of the cargo in the car. The article [14] presents a method for
the automated calculation of the efforts value in the cargo
securing elements. Automated calculation methods make it
possible to determine the value of cargo displacement both
along and across the car from the action of longitudinal,
transverse and vertical forces perceived by the cargo during

transportation. The given method allows optimizing the
choice of the mounting location of the support frames,
depending on the geometric parameters of the load and the
selected method of its securing.

When developing schemes for placing and securing
cargo, compliance with the permissible displacement of the
cargo gravity center is mandatory. In this case, it is essential
to take into account the possible cargo displacement during
transportation by rail. The works [15, 16] are devoted
specifically to the issue of determining the influence of the
longitudinal and transverse displacement of the gravity
center of a heavy cargo, taking into account the movement
speed, on the main dynamic indicators — maximum
coefficients of dynamic increment of sprung and unsprung
parts, the maximum ratio of frame force to static axial load,
and derailment stability coefficient.

The requirements for stowing and securing of rolled wire
bundles on the railways of the member countries of the
Organization for Railways Cooperation are established by
Appendix 3 to the Agreement on International Goods
Transport by Rail. According to it, one of six schemes is
selected depending on the carrying capacity of the car, the
mass and size of the bundles. The bundles with a diameter of
1150-1400 mm, a length of 450-750 mm and a weight of 500-
850 kg are placed in a gondola car in two rows across the
width and two tiers along the height of the car. In the lower
tier, the bundles are located closely from the ends to the
middle of the car. One half of the tier is displaced to one side
wall of the car, and the other to the opposite wall. The upper
tier of the bundles is placed on the lower tier bundle similarly
to it, displaced to the side walls in the opposite direction (Fig.
3a).

The rolled wire bundles in the car in transport accident
on the Voskoboynya — Verkhnedneprovsk section, were
stowed according to the LTC developed and approved by the
consignor (Fig. 3b). The main difference from the previous
scheme shown in Fig. 3 is large dimensions and weight of
bundles. Bundle diameter D up to 1250 mm, length up to
2400 mm, and weight up to 2500 kg.

The scheme of rolled wire transportation in accordance
with the requirements of the European Railways [12], which
provides for its securing by wooden profile, lashing straps
and cartons laid between the bundles is shown in Fig. 3c.

Based on the above-mentioned works, we can conclude
that the work related to increasing the reliability of cargo
stowing and securing in the cars and containers is
undoubtedly relevant and timely. Its solution requires
accounting a significant number of factors that affect both
traffic safety and the economic aspects of the cargo
transportation by rail. The analysis of wire stowing and
securing schemes in gondola cars showed the presence of
various approaches to the stowing and securing of rolled
wire.

The purpose of this case study is to analyze the forces
acting on the gondola car body when transporting wire
bundles, and to assess the body strength. To achieve this
purpose, it is necessary to calculate the forces acting on the
gondola car body when transporting wire bundles and to
assess the strength of the gondola car body.
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Figure 3 Stowage of rolled wire bundles in a gondola car: a) in accordance with the requirements of Appendix 3 to the Agreement on International Goods Transport by Rail; b) in
accordance with the LTC; c) in accordance with the requirements of the European Railways

3 CALCULATION METHODOLOGY

The stowage scheme of the gondola car bundles is shown
in Fig. 3 b. Wire in bundles with an outer diameter of 1150-
1250 mm and a weight of 1000-2500 kg is stowed in gondola
cars with blank end walls in two tiers, two rows in each tier.
To load the wire uniformly along the car length, it is loaded
alternately from the gondola car ends to the middle. In the
lower tier, the bundles are stowed with a displacement of half
of the tier close to one side wall of the gondola car, the second
half — close to the opposite wall. In the upper tier, the bundles
are stowed on the bundle of the lower tier similarly to the
lower one, with a displacement to the side walls in the
opposite direction (Fig. 4).

The number of bundles in a row depends on their height
and the length of the car body and can be from 5 to 12 pieces,
and in a car — from 20 to 48 pieces. When stowing the wire
bundles without gaps, the maximum weight of the load can
be 69 tons. The part of the upper tier bundles going beyond
the upper strapping of the gondola car should not exceed 1/3
of the bundle diameter [17].

According to the standard parameters, the mass of the
wire bundle will be 1.425 tons, and the total weight of the
load will be 68.4 tons. The point of application of
longitudinal, transverse, and vertical inertial forces is the
center of gravity of the load (CG).

The calculation of the required parameters, permissible
displacements of the general center of gravity of the cargo
and inertial forces is carried out in accordance with the

methodology described in Chapter 1 of Appendix 3 to the
Agreement on International Goods Transport by Rail [2].

Figure 4 Rolled wire bundles aftercllisions according to the corrected LTC
scheme

The height of the general center of gravity of the car with
cargo is determined by the dependence:

_ le 'hwl +Qw2 .hw2 +"+an 'hwn +Quw _H;np

Hae = 0%+ 00 -
Hyg, =2296 mm <2300 mm. 2)
where Quw — wagon tare weight, t; hwi, Awa, ..., hws — height

of the CG of cargo units from the level of the rail heads
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(LRH), mm; Hg™ — CG height of an empty car from the

LRH, 1130 mm. Since the obtained value does not exceed the
permissible value, the stability of the car is ensured.

The permissible longitudinal displacement of the overall
center of gravity of the cargo in a 4-axle car is determined by
linear interpolation in accordance with the regulatory
document [2]. The values of the displacements of the total
center of gravity of the cargo are determined from the
corresponding tables depending on the total weight of the
cargo and the permissible displacement during the
transportation of the cargo along the route.

When loading:
, , oyt
0y g0 =Ly 7 —W-(@ -67)=66.67mm. (3)
In transit:
AN A
0 o=l —W»(@—ﬁ) =126.67 mm. (4)

Further calculation of the forces acting on the body of the
gondola car when transporting wire in bundles, as well as
assessment of the strength of the body, is carried out at the
maximum possible value of the permissible longitudinal
displacement of the total center of gravity of the load £y, =
127 mm.

Longitudinal inertial force is calculated by the equation:

Fiong = along' Qwv (5)

where Qy — weight of cargo, including accessories, t; @iong —
specific longitudinal inertial force, which is calculated by the
equation:

(ay,, —a
Qong = d22 _W’ (6)

where az», ags — specific longitudinal inertial forces, ax = 1.2
ti/t, asa = 0.97 tit.

The transverse inertial force is determined by the
equation:

Fy=a,-0,, @)

where a, — specific transverse inertial force, which is
calculated by the equation:

2 (a. —

ay :ac+(ab—ac).gw, (®)
Ly

where a., a, — specific transverse inertial force for cargo

located inside the car and above the body bolster,

respectively, a. = 0.33 tf/t, ap, = 0.55 tf/t; £y — distance from

the center of gravity (CG) to the transverse axis of the car,
mm; L, — wheel base, 8650 mm.
The vertical inertial force is found by the equation:

F, v =4y 'Qw’ (9)
where ay, — specific vertical inertial force (kgf/t);

a, =250+k~€w+w, (10)

w

where k£ = 5 — loading factor per car. The specific vertical
inertial force is determined for a speed of 100 km/h.
Wind load is determined by the equation:

W, =50-5S,, /1000, (11)

where S, — area of the windward surface of the cargo, 5.291
2
m?,
The friction forces were determined in the following
direction:

o in longitudinal direction:

Fi™ =0, -1, (12)

where u — is the friction coefficient, u = 0.3 (steel on steel);
The values of the friction coefficient between the

supporting surfaces of the cargo, linings, and the floor of the

wagon (sprinkled with a thin layer of sand in winter) cleared

of dirt, snow, and ice in accordance with [2] are taken to be

equal to 0.30 for the pair "steel on steel".

e in transverse direction:

F=0,-u-(1-a,). (13)
Longitudinal inertial force to be dampened:

AFiong = Fiong = Fig ™. (14)
Transverse inertial force to be dampened:

AF,

tr :n'(Ftr +Ww)_Ff;r9 (15)
where n — is the coefficient, which is taken as 1.0 for LTC;
Wy — wind load.

Longitudinal inertial force — AFiong = 46.649 tf, perceived
by the elements of the end wall and corner posts with
permissible values of 40 tf and 2x9.5 tf, respectively [2]:

SF =[59] > 46.649 tf.

We will find the transverse forces according to the
presented methodology, but taking into account the thrust
load on the side walls of the car from the bundles. The
scheme of bundle stowing in the car (Fig. 3b) provides for
the loading transfer to each side of the car wall on one of its
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half from the upper tier, and on the second — from the bottom
tier. Fig. 5 shows the action of the thrust loads on the side
walls of the car. Fig. 6 presents a design scheme for
determining these loads, the corresponding dimensions are as
follows: L = 572 mm; ¢ = 252 mm, » = 625 mm. Let us
determine the reactions in the supports indicated by the
points 4 and B of the upper tier from a bundle with a weight
of 1.425 tons.

2060

625

Figure 5 Thrust loads from the bundles

B
Rux

a b
DG Rix R; )
4
Qq V kRSy B
B
o |

Figure 6 Design scheme for determining the thfust loads

Projection of forces on the Y-axis (Fig. 6a):

RG, ~0=0, (16)
RY, =0=1425 tf. (17)

Moment of forces relative to the point B (Fig. 6a):
SMP=0-(-R},-L=0. (18)
From which it follows:

R, :%. (19)

After substitution, we obtain Ry, =1.425 ftf,

Rgx =0.628 tf. Projection of forces on the X-axis (Fig. 6a):
RS, —R{, =0. (20)

From which:

RS, =R, =0.628 tf. Q1)

Thus, the force Nui (Fig. 5) is equal to the support
reaction R{?x and is 0.628 tf. The total thrust load N[CJ from

two adjacent bundles will be equal to the sum of the forces
Ny and Ny, and will be 1.256 tf.

We will define the reaction REX at point £ by making a
projection of forces on the X-axis (Fig. 6, b).

RG. —Rf, =0. (22)
It follows that
R{, = R, (23)

Having substituted the value, we obtain fo =0.628 tf.
Thus, the force Ni, (Fig. 5) is equal to the support
reaction R, and is 0.628 tf. The total thrust load N < from

two adjacent bundles will be equal to the sum of the forces
Ny and N and will be 1.256 tf.

Thus, the total thrust load on the elements of the car side
wall, in accordance with the bundle stowing scheme (Fig. 5),
is 7.536 tf for the upper and lower tiers.

According to the bundle stowing scheme in the car (Fig.
3, b), the thrust loads from the upper tier act on one corner
post and 3 side ones at the level of 1875 mm at a height of
the upper strapping of 2050 ... 2360 mm, and from the lower
tier at a height of 625 mm from the floor level. Permissible
load on the side wall elements at the above load application
heights is as follows [2]:

o side post at a height of 625 mm — (4.47) tf;

o side post at a height of body end plate — (1.2) tf;

e corner post at a height of 625 mm — (17.57) tf;

e corner post at a height of body end plate — (4.6) tf.

The total thrust load N{; from the upper N and lower

N tiers is 15.072 tf (Fig. 4).

The undampened transverse inertial force acting from the
upper and lower tiers, according to the Eq. (15), is:
e upper tier AFyy = 8.514 tf;
e lower tier AF1y = 8.249 tf.

The total overload from the thrust and inertial forces is
determined by the equation:

N = N{jL +AF,, +AF,,. 24)

After substitution of values, we obtain N = 31.835 tf.
Total permissible load on side wall elements:

1+1-[RY 1+1-[RE 1, (25)

cor cor

[R]=3-[Ryy]+3-[R;,

post

u L
where R Rt

post » — permissible loads on the side post,

respectively, at the contact point with the upper and lower
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bundle row; RS , RS, — permissible loads on the corner

post, respectively, at the contact point with the upper and
lower bundle row.

The total permissible load on the side wall elements is
[R] = 39.18 tf. The total loads acting on the elements of the
car side wall are less than permissible, that is,
31.835 tf < 39.18 tf.

4 MODELLING RESULTS

Based on the mathematical model presented in [18, 19],
a package of application programs was developed. Analytical
modeling to determine specific inertial forces was carried out
using a model of spatial vibrations of the car when moving
along a curve with a radius of 200 m and an elevation of the
outer rail of 150 mm. The maximum permissible speed for
freight trains is 55 km/h. In accordance with [2], specific
inertial forces are determined up to a speed of 100 km/h
inclusive.

Specific vertical and transverse inertial forces at

Hg, =2.296 m are presented in Fig. 7 and Fig. 8.
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Figure 7 Specific vertical inertial force

From Fig. 7, it can be seen that with permissible
longitudinal displacements of the general center of gravity of
the cargo in the car, the values of the specific vertical inertial
force practically do not change and depend to a much greater
extent on the speed of movement. Value a,, determined by
Eq. (10), is, on average, 58.15% less than the calculated
values for a speed of 100 km/h.
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Figure 8 Specific transverse inertial force

The values of the specific transverse inertial force (Fig.
8) also depend to a much greater extent on the speed of
movement. Value ag, determined by Eq. (8), is, on average,
11.23% less than the calculated values for a speed of 100
km/h.

To study the influence of the height of the general center
of gravity of a loaded car on the values of specific inertial

forces, calculations were performed at Hy =1.8 m. The

specific vertical inertial force is presented in Fig. 9.
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Figure 9 Specific vertical inertial force

Value ay, determined by Eq. (10), is, on average, 33.92%
less than the calculated values for a speed of 100 km/h.

The specific transverse inertial force is presented in Fig.
10. Value ay, determined by Eq. (8), is, on average, 4.17%
less than the calculated values for a speed of 100 km/h.

Analyzing the results obtained, it is possible to conclude
that the values of specific vertical and transverse inertial
forces depend to a much greater extent on the speed of

movement. Height H gc and longitudinal displacement ¢,
when freight trains move at maximum permissible speeds in

curved sections of track with an undamped acceleration of
0.3 m/s?, do not have a noticeable effect.
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Figure 10 Specific transverse inertial force

On Figs. 7-10 present the simulation results in the
presence of longitudinal displacements of the overall center
of gravity of the load in the direction of the front bogie. When
the CG is shifted towards the rear bogie, the values of the
specific inertial forces are less than 1% of those presented.
The direction of the longitudinal displacement along the
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direction of travel of the car does not have a significant effect
on the values of the specific inertial forces.

Thus, when the car moves in a curve with a radius of 200
m at the maximum permissible speed, the strength of the
body elements will be ensured.

During theoretical studies, it was established that when a
loaded car is moving at speeds of up to 100 km/h, the
minimum values of the stability coefficient against wheel
derailment are not lower than 1.2. The results obtained
indicate that traffic safety is ensured on curved sections of
the railway track.

In accordance with [2], for the cargo under study, a
lateral displacement of the overall center of gravity of the
cargo in a 4-axle car by, is allowed when loading 70 mm and
along the route (in transit) 100 mm.

In [16, 20], it was found that longitudinal displacements
of the load’s center of gravity have a much smaller effect on
the dynamic forces arising during the movement of freight
cars than transverse displacement or the presence of
simultaneous displacement in both directions from the axis
of symmetry of the rolling stock. The lateral displacement,
defined by the regulatory documentation, should be taken
into account since it leads to a significant change in the safety
factor against wheel derailment.

The results obtained show the feasibility of further
research in this direction.

5 CONCLUSION

The work determines the loads acting on the elements of
the side wall of the gondola car body during the
transportation of rolled wire bundles. In the calculations, the
total weight of the cargo in the car was assumed to be 69 tons,
while the transportation experience of these products shows
that the bundle weight in the car usually does not exceed 66
tons. Total load from the thrust and inertial forces acting on
the car side wall elements during the bundle transportation
according to the scheme presented in the article is 31.835 tf,
which does not exceed the permissible load on the side wall
elements of the gondola car (three side posts of the body and
the corner post), taking into account the height of the forces
application — 39.18 tf.

The presented results confirm that the transport accident
on the Voskoboynya — Verkhnedneprovsk section occurred
precisely because of the unsatisfactory technical condition of
the car, but it is not the reason for the disadvantages in the
LTC for the transportation of rolled wire bundles.

The correspondence of the results obtained to the real
object is ensured by the fact that the inertial forces are
calculated in accordance with the approved methodology. To
determine the thrust forces from the action of bundles of the
upper and lower tiers, in accordance with the calculation
schemes presented in the work, the force balance equations
were written and solved.
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Fuelling Logistics from Refinery to Retail: Case Study of the Romanian Oil Supply Chain

Attila Turi

Abstract: The purpose of this paper was to examine how EU sanctions on Russia impacted Romania and how its refineries managed to continue operating with alternative
suppliers. Production performance dynamics and their share in total output of refined petroleum products in the last 5 years (2019-2023) are analyzed using descriptive statistics.
Own empirical research is used to study the supply chains of the Petrobrazi, Petrotel and Petromidia refineries and provide an overview of their role on the domestic fuel market
by mapping out their fuel storage locations and network of filling stations. Findings underpin the importance of an interconnected infrastructure network (pipelines, railways and
ports) and using it to its full extent to balance out onshore and offshore imports, as well as downstream deliveries. Study replicability is affected by the limited extent to which the
collected data can be revealed, whilst future research can study sustainability of non-Russian oil sourcing alternatives.

Keywords: fuel distribution; fuel storage network; intermodal transportation; pipeline transportation; oil supply chain; refinery logistics

1 INTRODUCTION

Romania is the EU’s third oil producer (after Italy and
Denmark) and ranks fifth in Europe, Norway and the United
Kingdom being the largest, according to Eurostat (2023). It
also ranks in the top 10 producers of petroleum products in
the EU with yearly refined volumes of over 10 million tonnes
(2023) and has one of the lowest (68%, 2024) oil import
dependency rates [1, 2], compared to the average 92% at EU
level [3] and even less of Russian crude oil sourcing (18%,
2022), according to the International Energy Agency. Its
other main import countries are Kazakhstan (KMG),
Azerbaijan and Turkey (SOCAR), several other EU countries
(mainly Bulgaria, Hungary and Austria) and Serbia [4] for
refined oil products (Trading Economics, 2023 report). Oil
products have a 5.6% share in Romania’s exports and an
overall 6.5% share in GDP (National Institute of Statistics,
2023 report), making it one of the most important drivers of
economic growth in addition to being one of the country’s
strategic resources [5].

The 3 operational refineries ensure 32.1% of its domestic
oil consumption needs (2022) and are owned by
multinational oil companies from Austria, Russia and
Kazakhstan (OMV, Lukoil and KazMunayGas). Prior to the
invasion of Ukraine (2022), Novorossiysk’s onshore terminal
supplied Russian crude oil to all Romanian refineries
(Lukoil’s Petrotel having a higher share), whilst its offshore
terminal still supplies Kazakh crude oil through the Caspian
Pipeline Consortium (CPC), mainly to KMG’s Midia Marine
Terminal [6, 7]. Romania's fuel supply is uneven: a net
exporter of gasoline and a net importer of diesel fuel due to
its predominant domestic diesel consumption. In 2021, 30%
of diesel fuels were imported from Russia, the majority of
which (up to 90-95%) via Constanta’s Oil Terminal [8-10].

Purchasing, importing and transferring seaborne crude
oil (since December 2022) and certain petroleum products
(since February 2023) from Russia to the EU are prohibited
[11, 12]. Some temporary exemptions were made for
landlocked (Hungary, Slovakia) or highly dependent
countries (Germany), with others already having found
alternative sourcing options (Bulgaria, Poland, Czech
Republic) to fully align with the EU’s restrictive policy [13-

15]. A deal (1 year contract) for transport and storage of 2.9
million tonnes of crude oil was signed (May 2023) to supply
MOL’s refineries in Hungary and Slovakia via the Croatian
pipeline, based on rigorous feasibility, technical and
operational analyses [16, 17]. Hungary is still opposing
shifting away from (cheaper) Russian oil imports and
sourcing from Croatia via the Adria pipeline (operated by
JANAF), claiming logistics costs are too high [18] and
transport capacities from Omisalj are too low for its needs,
despite reassurance from its southwest neighbor [19].
Slovakia has a similar position (Slovnaft), whilst Croatia has
little leverage since INA is also owned by Hungarian MOL.
Overall, Russia's share in extra-EU imports of oil products
plummeted from 24.8% (Q4, 2021) to 1.2% (Q2, 2024) after
its invasion of Ukraine and subsequent EU sanctions,
according to recent data released by Eurostat.

By leveraging their distribution channels [20, 21],
domestically refined fuels (Petrom, OMV [22], Lukoil and
Rompetrol), in addition to import brands (MOL, SOCAR and
Gazprom) and independent stations ensure the supply of fuel
products [23] to their network of filling stations across
Romania [24].

This article is organized in the following sections:
Chapter 1 introduces background information and data on
Romania’s oil refining industry, its share of crude oil imports
from Russia and provides EU neighboring context. Chapter
2 presents a synthesis of related scientific articles, outlining
their contributions and identifying the gap this study intends
to fill. Chapter 3 provides the research design, including a
description of the data collection methods and analytical
techniques utilized in this study. Chapter 4 reveals and
summarizes the main research findings, followed by their
interpretation and implications for future research in Chapter
5. Finally, Chapter 6 concludes the paper by summarizing its
key findings, expressing their importance, limitations and
initiates an outlook for further exploration of the topic.

2 LITERATURE REVIEW

The existing literature on oil refining and its logistics
primarily focuses on macro-level analyses of fuel supply
chains, with limited attention to the micro-level challenges
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and optimization opportunities within specific regions or
even countries, as is the case of Romania in this article. The
main reason for this research gap is the lack of accessible
and/or aggregated data, as well as challenges regarding
publishing due to high data sensitivity and confidentiality.

Seeking correlations between oil production and an array
of other economic data provides mixed results, as is noted by
[25]. Nevertheless refineries do have a strong influence on a
country’s economic activity, both direct (technical support,
maintenance work) and indirect (transportation, logistics),
despite lower returns to scale. This is also confirmed by [26],
who show that oil refining is positively correlated with a
country' global competitiveness index (GCI) and despite
price volatility affecting cost competitiveness, a net oil
exporter will bear less risk than a net oil importer. The closer
oil refining capacities are to their demand market, the more
cost-efficient they are and the more effective they are in
reducing the impact of price fluctuations [27].

Optimization of fuel distribution networks is another
recurring theme and mostly relies on analyzing, modeling
and conducting matching scenarios between supply and
demand with direct or indirect cost reduction-related targets.

Deterministic approaches such as the one undertaken by
[28] highlight the complexities of managing a network of
ships, tanks, pipelines to supply crude oil to refineries. More
refined models provide more feasible decisions, but also
increase the expected cost and are still subject to
improvement. Supply chain management flow strategies are
most often studied in countries where oil refining is an
underlying economic sector, as proven by [29]’s approach
which sources good solutions in reasonable time spans for
both cost and time-related parameters. The narrow margins
of refineries are balanced out by consistency in delivering
volumes and maximizing oil trade decision-making, as
shown for Europe's leading independent crude oil facilities
(Petroineos) in Lavéra (France), Grangemouth (Scotland)
and the largest European refinery site (Shell) in Pernis, The
Netherlands by [30].

While these approaches require a more in-depth analysis
of a specific regional setting, they still have limited practical
applicability. This is due to the typical high sensitivity and
reactivity of the oil market to various external factors
(production levels, geopolitical events, economic sanctions,
OPEC decisions, natural disasters), which source a rather
unpredictable, volatile and dynamic pricing pattern, which
alters supply decisions.

Other authors [3 1] outline decision-making challenges of
the real world as being ambiguous or vague. Their proposed
model employs a pentagonal fuzzy number to minimize the
cost along the refineries' supply chain (depots, multimodal
transportation and demand nodes), provides improved larger-
scale results and reduces the optimality gap, despite
uncertainty being factored in.

Therefore while simulating routes is nevertheless useful
to analyze and redesign certain supply choices, its rather
static assumptions and constraints modeled on historical data
might become suboptimal, unrealistic or even impossible in
certain real life conditions.

Inconsistent use and implementation of EDI systems
across filling stations, with mostly short loop communication
systems, even in the case of multinational brands’ supply

chains alters operations management effectiveness and
hinders appropriate fast-response logistics, as also outlined
by [32]. Significant differences also exist between individual
filling stations’ supply chains, especially in case of a lower
concentration of fuel providers within that specific region.

This article’s role is to contribute to the research field by
providing a granular analysis of the Romanian fuel supply
chain, considering local production, depot storage locations,
distribution system and its mix of alternative sourcing
locations within the specific logistical challenges of the
Balkans. Previous research has not explored the impact of
redesigning upstream crude oil supply on country basis in the
context of Russian sanctions, a gap this study aims to fill.
Effective decision-making relies on high-quality data: real-
time, accurate and consistent data enables a more focused
analysis, which in turn leads to a greater impact on overall
productivity and operational performance.

3 MATERIALS AND METHODS

The current research paper uses primary and secondary
data about the oil industry in Romania (production, capacity
utilization, alternative sourcing options, storage facilities,
distribution network and intermodal logistics systems), its
main multinational competitors and their domestic market
shares.

Raw and primary data is sourced through own empirical
research by conducting on-site fieldwork and observational
study (at refineries, port and intermodal terminals). Certain
parts of gathered data (mainly from the refineries and port
terminal operators) are subject to consented NDAs’ strict
terms, prior to gaining access to specific operational,
financial, customer and supplier data. Secondary data
(statistics databases, industry reports and official releases) is
cross-referenced with each refinery’s and intermodal
terminal’s records, with some marginal data cleaning being
required to eliminate inconsistencies and validate findings.
The paper’s collated data is consented for publication and
adheres to all contracted stipulations of the NDAs.

Descriptive statistics is applied to investigate the
evolution of the 3 refineries’ time-series data (2019-2023) on
operational performance metrics. Year-to-year percentage
variations and relative share in total output of refined fuels
are analyzed to contextualize production dynamics.
Qualitative and quantitative methods are used to exhibit
relevance of empirical data by mapping and compiling fuel
storage locations, the distribution network and their
connectivity to main intermodal transportation terminals,
thus offering a holistic approach to the case study.

4 RESULTS’ ANALYSIS

Romania’s 3 operational refineries (Petrobrazi, Petrotel
and Petromidia) are owned by multinational oil companies:
OMV (Austria), Lukoil (Russian Federation) and KMG
International/KazMunayGas (Kazakhstan). Over 80% of
total output is provided by the Petrobrazi (OMV) and
Petromidia (KMGQ) facilities, the latter being Romania’s most
modern refinery with the highest capacity utilization rate
(CUR), as shown in Tab. 1. Petrotel’s productivity has been
decreasing in recent years (by 45% since 2019), despite
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Lukoil having the closest alternative refinery (Neftohim
Burgas) in Bulgaria. In view of the economic context after
invading the Ukraine, Russia’s Gazprom transferred its
operations to Serbian multinational company Naftna
Industrija Srbije (NIS) Petrol, thus legally avoiding sanctions
imposed on Russian oil imports since Serbia is a non-EU
member state. Lukoil uses a similar approach, importing its
crude oil through intermediate companies outside of the
Russian Federation (e.g. Turkey or via pipelines) and then
using its Petrotel processing facility in Ploiesti (Romania) to
refine it, thus also avoiding sanctions. OMV and MOL also
use this loophole, in addition to other major European
companies (BP, Shell, TotalEnergies or ENI). Tab. 1 presents
an overview of oil companies’ production volumes, Capacity
Utilization Rate (CUR), year-to-year variations (2019-2023)
and share of total refined petroleum products in Romania.

Table 1 Romania — main refineries’ performance metrics
Refinery KPI 2019 2020 2021 2022 2023
Output
OMV (MTPA) 4.54 4.05 3.83 4.56 3.84
Petrobrazi | CUR (%) 0.94 0.84 0.79 0.95 0.80
Brazi Dynamic
(South) (%) 1.02 0.89 0.94 1.19 0.84
Share (%) | 0.37 0.39 0.38 0.40 0.37
Output
Lukoil (MTPA) 2.49 1.88 1.93 2.22 1.37
Petrotel | CUR (%) 0.92 0.69 0.71 0.82 0.50
Ploiesti | Dynamic
(South) (%) 1.03 0.75 1.02 1.15 0.61
Share (%) | 0.20 0.18 0.19 0.19 0.13
Output
4. 4.2 4.1 4.51 .01
kMG | uTpA) | *Y7 ? 6 i
Petromidia | CUR (%) 0.97 0.83 0.81 0.88 0.97

Navodari | Dynamic | o3 | g6 | 097 | 108 | 1.11

(East) (%)
Share (%) | 0.41 0.42 0.41 0.39 0.49
Output
(MTPA) 12.00 10.22 9.92 11.29 10.22

Total CUR (%) | 0.95 0.81 0.78 0.89 0.81

Dynamic
%) 1.03 0.85 0.97 1.13 0.90

OMV-owned Petrobrazi refinery (sourcing Petrom and
OMV fuel brands) covers almost 40% of Romania’s total
refining capacity, with a record output of 4.56 million tonnes
of petroleum products, 19% year-on-year increase and 95%
CUR (2021). After buying the refinery from Petrom (51.1%
of shares since 2004), OMV has invested over 2 billion euros
in modernization projects at its Petrobrazi location in South
Romania. Planned shutdowns for routine maintenance and
equipment upgrades of the country’s oldest operating
refinery (2021, 2023) and the first pandemic year (2020)
caused its CUR indicator to fall below 90%. Its 2023 planned
shutdown (for environmental compliance) reduced its output
by 0.72 million tonnes (16% compared to 2022) and CUR to
only 80%.

In 2019, Lukoil boasted sourcing Romania’s highest
gasoline quality at its Petrotel refinery, according to some
independent reports. Lukoil owns 99.76% of Petrotel’s
shares (since 1998) through Litasco, its own oil trading
company based in Switzerland, and invested almost 500
million euros in modernization projects at its Ploiesti refining

unit (2004-2015). With a share of only 20% of the country’s
refined petroleum products and a focus on competitive
pricing, its investments slowly decreased, as did its CUR
metric (around 70% in 2019 and 2020). EU sanctions against
imports from the Russian Federation after invading Ukraine,
combined with reduced alternative crude oil sourcing options
further curtailed its refining output to around 50% of its total
capacity (yield of 1.37 million tonnes), in 2023. Tax evasion
lawsuits and undisclosed operations (crude oil sourcing,
processed amount and downstream distribution) lead to
Lukoil losing its trading license (temporarily), shortly after
Petrotel suspended its operations for overhaul (November
2023).

Last year, KMG’s (KazMunayGas) Petromidia refinery
(owned with 54.63% of shares), produced a record 5.01
million tonnes of petroleum products (Rompetrol fuel
brands), an 11% year-on-year increase and 49% overall
domestic refining share (2023) supported by its 97% CUR.
KMG also owns Vega, a smaller refinery (capacity: 0.4
million tonnes/year and 98.5% CUR/year) in Ploiesti, that
operates in an integrated system with its main refinery from
Navodari. A fire interrupted activity for 83 days (July 2021)
before repairs allowed regular operations to restart in
September 2021, whereas refining capacity was fully
restored only in April 2022. Petromidia produces Romania’s
highest amount of petroleum products, with one exception: 2
months of general overhaul reduced its CUR (88%) and
output (4.51 million tonnes) in 2022, being overtaken by its
competitor, OMV Petrom (4.56 million tonnes).

In 2019 Romania’s refineries had a combined output of
12 million tonnes of petrol and diesel fuels, before 2
consecutive years of dwindle caused by the Covid-19
pandemic. Yearly volumes of petrol and diesel fuels declined
by 1.78 million tonnes (15% in 2020) and a further 0.3
million tonnes (3% in 2021), before recovering in 2022
(11.29 million tonnes). 2023 marked another 10% descend
(to 10.22 million tonnes), mostly due to Petrotel’s ownership
issues: 0.85 million tonnes less yield (39% year-on-year
decrease) and OMV Petrom’s planned general turnaround:
0.72 million tonnes less refined products (16% year-on-year
decrease). Around 60% of refined products (petrol and diesel
fuel) are sourced locally by the refineries: Petrobrazi (66%),
Petromidia (58%) and Lukoil (50%). The rest is mainly
imported from Hungary (MOL), Bulgaria (Lukoil), Serbia
(NIS) and offshore facilities through tankers via the port of
Constanta and then distributed locally (storage facilities and
gas stations). Crude oil and refined petroleum products
(petrol and diesel fuel) are also sourced from Asia (30%) and
the United States (20%), but 80% of imports from the
Caspian Sea (KMG and SOCAR) pass through Russia’s
pipelines before being shipped to Romania’s Black Sea
gateway. Imported oil products come at higher prices due to
extra shipping and insurance costs and arrive at Constanta
Port’s Oil Terminal. MOL (Hungary) is the most important
import brand, but its main refinery near Budapest is also an
important supplier for the West of Romania, in addition to its
controlled facilities in Slovakia (Slovnaft) and Croatia (INA).

A map of Romania’s refineries, their domestic fuel
depots and main alternative sourcing (import) locations is
presented in Fig. 1.
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Figure 1 Romania — domestic refineries’ production units, storage and alternative
sourcing locations (2024)

MOL’s Danube refinery in Szazhalombatta (Hungary) is
one of the 10 largest in Central and Eastern Europe (CEE)
with its 165,000 barrels/day and/or 8.1 million tonnes/year
refining capacity. MOL also owns neighboring Slovnaft
(Bratislava, 6.1 million tonnes/year) and INA (Rijeka, 4.5
million tonnes/year) refineries. In the CEE region, Austria
(Schwechat, OMV), Poland (Plock and Gdansk, Orlen) and
Germany (7 refineries) have higher capacity refineries. MOL
fuels are distributed towards Romania via the Danube River
(between Regensburg and Giurgiu ports), railway (rail tank
cars) and/or road (tankers), the latter being mostly used to
supply the Western region (Timisoara, Arad, Oradea).

Bulgaria’s Lukoil Neftohim Burgas refinery is only 250
km away from the border with Romania, being the closest
neighboring unit from the south of the country, where all
Romanian refineries are located. As of 2024 the refinery has
ceased receiving Russian-produced oil, tax rate increased to
60% and Lukoil’s concession contract to run the Rosenets Oil
Terminal near the Black Sea port of Burgas was terminated.
Alternative sourcing is currently supplied to the refinery from
Kazakhstan, Iraq and Tunisia and new ownership is expected.

Serbia’s NIS Petrol (owned by Gazprom from Russia)
operates the largest network of filling stations (324 units) in
Serbia (total of 1,529 units) and runs its 2 oil refineries, with
a combined capacity of 7.4 million tonnes/year in the
province of Vojvodina (Novi Sad and Pancevo), both within
100 km of Romania’s Western border crossings. Gazprom
Neft transferred some of its shares to avoid EU sanctions
(May 2022), but the supply of Russian crude oil through the
Adria oil pipeline from Omisalj’s Oil Terminal (Croatia)
ceased 6 months later. NIS Petrol mainly sources its crude oil
imports from Iraq (53%), Russian Federation (46%) and
Romania (as of 2022).

The Schwechat refinery (Austria) is one of Europe’s top
10 units by capacity (9.6 million tonnes/year), accounts for
52% of OMV’s refined output and is located approximately
450 km from the Romanian border. The Austrian refinery
near Vienna is supplied by AWP (Adria-Wien-Pipeline) from
the oil terminal in Trieste (Italy), being a branch connection
of the Transalpine Oil Pipeline (TAL) which connects Italy,
Austria and Germany. Despite important ties in the energy
sector, OMV decided to cease all further investments in
Russia (March 2022) and currently sources its crude oil needs

from the nearby CEE area, North Sea (mainly Norway) and
North Africa regions (mainly through Algeria’s port of
Bejaia). Between 10-15 tankers (600,000 barrels/tanker)
arrive every month at the port of Trieste, after a journey of 4-
5 days, and are unloaded in 24 hours before being sent to
Schwechat through the AWP and TAL pipeline systems
(throughout time: 48-72 hours).

Rompetrol is KMG’s fuel brand in Romania, but its
distribution extends to its neighboring Black Sea countries
(Bulgaria, Moldova, Turkey, Georgia) and Western Europe
(France, Spain) under the same or different brands (dyneff).
Since KMG took over Petromidia (2007), in addition to its
local sourcing, up to 60-75% of total processed crude oil was
imported from Kazakhstan via its offshore terminal.

Table 2 Romania — Overview of fuel distribution sourcing and storage units (2024)
Main refinery | Domestic | Distribution Fuel

Brand(s) Location capacity stations depots
OMV Petrobrazi 4'&&)8)' 2 586 units 6 units
(Petrom) (Brazi, RO) (26.37%) (25.57%) | (13.95%)
.. 0
Lukoil Petrotel (Ploiesti, 2'(74%4)'5 319 units 7 units
0, 0,
RO) (4.18%) (13.92%) | (16.27%)
KazMunayGas Petromidia 5'(141)0)'6 401 units 6 units
(Rompetrol) (Navodari, RO) (48.11%) (17.50%) | (13.95%)
(S%I\%I; ft) Szazhalombatta (2/1}13)7 238 units 2 units
0, 0,
(INA) (Hungary) (imported) (10.38%) | (4.65%)
. 0/16.4 . .
Aliaga 75 units 4 units
SOCAR (AZ) o N
(Turkey) (imported) (3.27%) (9.30%)
Gazprom . 0/7.4 (RS) 19 units
(NIS Petrol) | Pancevo (Serbia) | oorted) | 0.8200) | NA
independent petroleum O(/Ii(z))6 653 units | 18 units
gas stations wholesalers (sourced) (28.50%) | (41.86%)
3 domestic and 5 | 12.6/135.8 2291 .
;gzagizzgi adjacent (A, HU, (RO) stations é(lfol(l)r;}t)s
P RS, BG) (9.27%) (100%) o

Over 70% of Romania’s gas stations (2,291 total units,
as of 2024) are owned by the brands listed in Tab. 2. More
than half (57%) are owned by the 3 brands operating
refineries in the South-East of the country (1,306 units) while
the number of independent gas stations (653 units) is less
than a third (28%). An outline of oil companies’ and
independent brands’ distribution networks (sourcing, storage
and stations) is presented in Tab. 2, whilst brand ownership
of all 43 fuel depots in Romania is mapped out in Fig. 3.

Petrobrazi accounts for over a quarter (26.37%) of
OMV’s total refining capacities and supplies petroleum
products for both its fuel brands (Petrom, OMV) in Romania.
OMV also covers more than a quarter (25.25%) of all
Romanian filling stations with its 586 units, around 30%
being high-end ones (OMYV brand).

Lukoil’s refining capacity at Petrotel represents less than
5% of the Russian group’s output volumes, whilst its focus
on competitive pricing and recent EU sanctions will further
add challenges to its operations in Ploiesti. Despite having
the highest number of fuel depots (7) across the country,
Lukoil’s network of petrol stations has been steadily
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decreasing since 2019 and now only adds up to 319 units
(13.92% of total).

The Petromidia refinery in Navodari has an almost 50%
share of KazMunayGas’ overall refined output capacity and
distributes its fuels in Romania under the Rompetrol brand.
Rompetrol’s network of filling stations (401 units) is the
second largest and its fuel depot locations are the most
balanced, being distributed among all regions in Romania.

MOL is Romania’s third most important fuel brand (after
OMYV and Rompetrol), despite it having to import its petrol
and diesel fuels, with the fourth largest domestic distribution
network (238 filling stations and/or 10% of total) and only 2
fuel depots.

Other brands that import their petroleum products are
SOCAR with 4 fuel depots and 75 filling stations (less than
5% of total) and Gazprom with less than 1% of the total fuel
distribution network (only 19 stations and no fuel depots).

Independent gas stations are supplied by the petroleum
wholesalers’ distribution network, have seen their overall
share being reduced in the last decade, but still account for
almost 30% of all filling stations (653 units) and 40% of fuel
depots (18 units) in Romania, as of 2023. OSCAR
Downstream is the largest independent Romanian fuel
distribution company and ranked in the top 5 players on the
downstream market (after OMV, KMG, MOL and Lukoil). 7
fuel depots (38% share of all independent units) and 115
stations (17% share of all independent filling stations) are
part of OSCAR’s distribution network.

Smart Diesel (SD) is another important independent fuel
company in Romania and has partnered with DKV Mobility
(since 2021). The SD Group operates 36 own gas stations in
Romania (5% of all independents), its own SD card (more
than 3,000 active customer companies) is accepted in around
2,000 partner gas stations abroad (2023), offering bulk fuel,
toll payment solutions, VAT recovery services, telematics
and roadside assistance for trucks to over 13,000 B2B
customers.

The Black Sea handles oil imports from the Caspian Sea
(Azerbaijan and Kazakhstan) through its dedicated terminals
(Oil Terminal, Midia Marine Terminal) and port pipe system
(50 km) in Constanta, as shown in Fig. 2.
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Figure 2 Romania - mab of national pipeline coverage, Black Sea terminals (2024)

‘\ BULGARIA

All Black Sea oil terminals (Oil, JT and MMT) are
connected to the 3,809 km of national pipeline network,
operated by Conpet across 24/41 counties, including the 3
Romanian refineries. Oil tankers dock at the specialized
terminals where they unload the crude oil into storage tanks
through large pipes. Constanta’s Oil Terminal handles import
of crude oil and gasoline, as well as export of refined and/or
unrefined petroleum products and other liquid chemical
products. Crude oil is pumped from storage tanks through
underground pipelines to the 3 refineries in Romania or to
one of 24 other export terminals (of which 11 are Conpet’s
own fuel depots) across the country. Almost 70% of all fuel
depots (30/43) are owned by Conpet or the 3 domestic
refineries. Petroleum products refined from crude oil are
distributed in Romania through gas station networks and
other industrial users.

Conpet‘s allocated storage capacity for domestic crude
oil is 3 times higher than for imported crude oil. The crude
oil national transport pipeline system’s throughput is 200
million barrels/year (or 27.43 million tonnes/year), around
75% is used for imported oil, but is currently only used at a
third of its capacity, 37% as of 2023 (in 1990 there were 10
operational refineries). Some of the refined petroleum
products are also exported from Romania through pipelines,
tankers and other means of transport.

Oil Terminal is the largest operator of petroleum
products in the Port of Constanta, where it owns a developed
network of high-capacity pipelines and tanks (storage
capacity: 10 million barrels). Its terminal in the port operates
7 berths where it also stores over 70% of its capacities, the
rest is deposited in an underground central storage facility in
the center of Constanta. Oil Terminal inaugurated a new
storage tank for crude oil and/or diesel (capacity: 55,000
cbm) in its terminal at the Constanta Port (January 2024), the
largest built after 1989.

Midia Marine Terminal (MMT) is an offshore marine
terminal supplying a tank farm (capacity: 390,000 cbm) and
the Petromidia refinery through pipelines (onshore and
offshore), located 8.6 km East off the Black Sea. MMT is
operated by Rompetrol Logistics (KMG International
Group), with an unloading rate of more than 600,000
barrels/day, and was built to reduce distance (by 30 km)
travelled by tankers (60,000-165,000 DWT) to unload oil at
Constanta Port. 32 million barrels (or 4.37 million tonnes) of
crude oil, mainly from Kazakhstan, were unloaded at the
MMT offshore terminal from 53 vessels (2023). Rompetrol
also operates 7/14 berths at Midia’s onshore oil and gas
terminals, but this port’s depth only allows smaller ships
(10,000-20,000 DWT) to enter. Larger vessels (165,000
DWT tankers) could have been unloaded only in Constanta
Port, an alternative meaning oil reached the refinery through
long pipelines and with various losses along the way. On
average, 2 million tonnes of additional oil products are
imported and exported by 550 KMG tankers in Midia Port
every year.

The newest and most modern terminal for liquid
petroleum products (duty-free diesel fuel) in the Port of
Constanta is operated by JT Terminal. JT Terminal offers
storage and handling spaces for specific products (diesel,
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biodiesel, bitumen and other liquid products) prior to their
distribution on the market (domestic or export). JT Grup Oil
is also a regional fuel distributor for the South-East of
Romania with its own fleet (11 tankers with a 40,000
liter/tanker capacity) and more than 250 storage tanks across
its distribution network. The terminal has 8 storage tanks
(total capacity: 33,000 tonnes) and operates barges with
different capacities (from 3,000-9,000 tonnes), trains (up to
16 wagons at the same time on 2 parallel railway lines) and
tankers (up to 20 at a time in its dedicated loading/unloading
area). JT Terminal’s handling capacity is 700-1,000
tonnes/hour (for ships), 300-700 tonnes/hour (for trains) and
40-80 tonnes/hour (for tankers).
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Figure 3 Romania — map of oil companies’ storage and distribution centers (2024)

An overview of Romania’s 43 fuel depots’ regional
distribution (per brand) is highlighted in Fig. 3, with
additional details (exact locations and delivery alternatives)
being provided in Tab. 3.

Conpet’s national pipeline system connects to 11 fuel
depots (25% of all Romanian fuel depots), half in the West
and the other half around the refineries in the South-East,
with free access being leased to all domestic-operating oil
companies. Lukoil and Oscar Downstream each own 7 of
Romania's 43 fuel depots (and 32% combined), with an
almost identical spread across the country, but different fuel
sourcing: Lukoil’s throughput is mostly domestic (Petrotel
refinery), whilst Oscar Downstream only handles imported
fuels. OMV and KMG own over 25% of fuel depots (6 units
each) with similar regional distribution, while Rompetrol’s
fuel depot in Vatra Dornei is the only one in the Northern
area. Since SOCAR imports its petroleum products from
Azerbaijan through the Black Sea, its fuel depot network (4
units) is scattered in the South-East, with Hungarian MOL
locating its units in the West (by rail and/or road) and South
(by Danube River, through the Giurgiu port).

Romania’s precise fuel storage locations, their regional
coverage and network access is provided in Tab. 3.

Romania’s branded filling stations (multinational oil
companies’ petrol and diesel fuels) are supplied by a total of
18 main locations: 3 domestic refineries (16%), 8 nearby
onshore (44%) and 7 offshore locations (38%). Petrobrazi is
the only domestic refinery supplying 2 different brands

(standard Petrom and premium OMYV fuels). Petrotel has the
highest sourcing choice (6 sites, 33% of total): in addition to
its domestic Ploiesti refinery it can also import fuels from
neighboring onshore Burgas refinery (Lukoil, Bulgaria) or its
4 locations in Russia, currently subject to EU sanctions.
Hungarian MOL is Romania’s third most important brand, its
3 onshore refineries providing fuels for its neighboring CEE
markets (Slovakia, Slovenia, Croatia, Serbia). The 4 nearest
onshore locations are Lukoil (Bulgaria), NIS Petrol (Pancevo
and Novi Sad, Serbia) and MOL (Hungary), whilst the other
4 locations (OMV and MOL refineries) are further away
(Austria, Slovakia, Germany, Croatia). Only 3 of the 7
offshore locations are currently able to supply crude oil to
Romania (KMG from Kazakhstan and SOCAR’s 2 sites in
Turkey and Azerbaijan), as Lukoil’s offshore sites are all in
Russia. OSCAR Downstream operates the highest number of
domestic own fuel depots (7 units), despite only importing its
fuels from international traders via offshore locations. All
brands operating in Romania have access to Conpet’s
national pipeline system (3,809 km) and extensive fuel depot
network (11 units, 25% of total).

Most fuel depots (30%) are located in the South (13
units), mainly around the 3 refineries, due to the proximity to
the Romanian capital, Bucharest, and the manufacturing
plants of Dacia and Ford, with OMV having a 23% share with
its 3 units (Brazi, Jilava and Isalnita). Conpet holds the
highest concentration of storage facilities both in the West
(50%) and East (30%). Automotive industry is the main
economic growth driver in the Western region (Timisoara
and Arad), whereas the Black Sea’s Port of Constanta
shipping activity fuels the business stimulus in the East.
Lukoil, KMG and Oscar Downstream share two thirds of fuel
depots (2 fuel depots each) in the Centre, Romania’s
Transylvania region. The region is fuelled by Cluj’s
competitive IT sector and automotive industry suppliers
(Mercedes Benz). Northern Romania only has 1 fuel depot
(KMG), mostly due to the lack of supporting infrastructure,
a local economy focused on agriculture and the shutdown of
one of Romania’s main nearby refineries (RAFO Onesti).

Arad is the county with the highest number of fuel depots
(5 units or 11% of total), mostly due to its geographic
position (border with Hungary and gateway to Western
Europe) and excellent high speed road (Al) and railway
(M200) connections. Bucharest has 4 nearby depots (Jilava,
Mogosoaia, Fundulea and Giurgiu) and connects to all major
economic drivers: Constanta Port and Petromidia refinery via
A2 (road) and M800 (rail), carmakers Dacia and Ford via A1l
(road) and DEx12 expressway (road) and Prahova refineries
(Petrobrazi and Petrotel) via A3 (road). Over 40% of storage
units (3 fuel depots each) are located in the counties of the
following 6 big cities: Oradea (logistics hub for the Western
Area, connecting Cluj to the Hungarian border), Brasov
(Selgros grocery wholesaler’s headquarters, automotive
electronics suppliers, TotalEnergies lubricants factory) in the
Centre, Bacau (connecting Iasi, the Dornesti railway and
transshipment terminals (DRT, DTT) to the sea and river port
of Galati), in addition to Constanta (port and Petromidia
refinery), Craiova (Ford, Pirelli and power electronics
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manufacturers) and Ploiesti (Petrobrazi, Petrotel and Vega
refineries, main grocery retailers’ logistics hub).

Table 3 Romania — Storage locations for fuel distribution (2024)

Brand(s) Main fuel sourcing locations Regional coverage Fuel dppot Intermodal connections
(units) locations
Petrobrazi Arad
(Brazi, RO) &’r‘l’f;( (11)) Cluj A3 (road)
oMV Schwechat North (0) Brazi M200 (rail)
(Petrom) (Austria) East (1) Isalnita M300 (rail)
Burghausen South (3) Jilava MS500 (rail)
(Germany) Bacau
Arad
Petrotel (Ploiesti, RO) West (1) Cluj A3 (road)
Burgas Center (2) Rm. Valcea M200 (rail)
Lukoil (Bulgaria) North (0) Brasov M300 (rail)
Kstovo, Perm, Ukhta, East (2) Ploiesti MS500 (rail)
Volvograd (Russia) South (2) Galati ROCND (sea)
Constanta
West (1)
oL Sl () | comr® | gy | ML
(Slovnaft) Riicka North (0) Giureiu 120-M200 (rail)
(INA) ( Crg} atin) East (0) g RODTS (river)
South (1)
Arad
West (1) Craiova
Petromidia (Navodari, RO) Center (2) Mogosoaia A4, A2 (road)
KMG (KazMunayGas) (Rompetrol) Atyrau North (1) Simle f Silvanici MS800 (rail)
(Kazakhstan) East (0) Vatra Dornei ROCND (sea)
South (2) Zarnesti
Aliaga (?Z r?tsetr(?l) ) Teius
(Turkey) Ploiesti ROCND (sea)
SOCAR Baku T‘é‘:st:‘(g;) Onesti ROGAL (river)
(Azerbaijan) South (1) Constanta
West (0)
Pancevo (Serbia) Center (0)
Gazprom Neft (NIS Petrol) Novi Sad North (0) N/A ]/:ég:;(s) g?\?edr))
(Serbia) East (0)
South (0)
Biled
Petrobrazi \1:»21;121
(Brazi, RO) . ROCND (sea)
I Marghita .
Petrotel (Ploiesti, RO) West (5) Suplacu de Conpet network (refineries,
. . . Petromidia (Navodari, RO) Center (1) P fuel depots)
Conpet national pipeline system (mainly OMV North (0) Barcau A4, A2, A3 (road)
Petrom, Lukoil, KMG Rompetrol) KMG Atyrau East (3) Ball;zzieistl MS00 (rail)
(Kazakhstan) South (2) Berca M200 (rail) M300 (rail)
SOCAR Aliaga Moinesti M3500 (rail)
(Turkey) Independenta
Ciresu
Fundulea
Szazhalombatta (Hungary) West (1) Sercaia
Pancevo (Serbia) Center (2) Craiova AAIE?ACZNEI(??; d)
Oscar Downstream Novi Sad North (0) Zadareni ’M8 60 (r il())
(Serbia) East (2) Ocna Mures M200 (rail) M§00 (rail)
other (import) South (2) Roman
Constanta
West (10) West (23%)
7 major brands 3 domestic refineries Center (9) Center (21%)
1 main wholesaler 8 onshore and North (1) North (2%)
and national pipeline system 7 offshore locations East (10) East (23%)
South (13) South (30%)

Fig. 4 highlights fuel distribution alternatives to the 5
regions across Romania. Refineries use a mix of pipelines
and tank wagons (rail) to supply their specific regional fuel
depots for longer domestic hauls, tankers for imported
petroleum products via Black Sea and Danube River ports

(Constanta, Galati and Giurgiu) and fuel trucks (road) for
supplying their network of filling stations.

Over 60% of Petrobrazi’s refined products (3.84 million
tonnes, 2023) were diesel fuels. Petrom and OMV-branded
fuels are distributed downstream through Conpet pipelines,

TEHNICKI GLASNIK 20, 1(2026), 141-151

147



Attila Turi: Fuelling Logistics from Refinery to Retail: Case Study of the Romanian Oil Supply Chain

tank wagons and fuel trucks. The Oltenia region is mainly
supplied through pipelines (Conpet) leading to its fuel depot
located in Isalnita. West and Center fuel depots (Arad, Cluj)
usually receive their products by rail (M200 and M300): 2-3
trains/day with 36-38 wagons (over 50 tonnes of fuel each),
on average. Most of the total length (50 km) of the 4
operational railway lines within the Petrobrazi refinery was
modernized in the past decade (around 75%). Over 50,000
railway cars loaded with petroleum products (Petrom and
OMV brands) are dispatched annually from the Petrobrazi
refinery to supply OMV’s domestic fuel depot network. The
North of Romania is mainly supplied by fuel trucks (up to 28
million liters of fuel/truck) that can carry 4 different fuel
types (standard and/or premium petrol and/or diesel) on a
single trip (each divided into 4,000, 8,000, 10,000 and 14,000
liters per compartment) to the fuel depot in Bacau. The
Republic of Moldova (a network of 69 Petrom filling
stations) is also supplied directly from the Petrobrazi refinery
with fuel trucks through its own Petrom storage facility in
Chisinau, 450 km away. Up to 990 fuel trucks/week transit
Romania’s roads with fuels supplying Petrom and OMV’s
586 filling stations. OMV uses tankers from Galati,
Constanta (Black Sea shipments) and Giurgiu port (via the
Danube River) to supply its stations in Bulgaria (92 units)
and Serbia (64 units), in addition to regular fuel truck
deliveries.
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Figure 4 Romania - ol companies’ intermodal transportation alternatives (2024)

In addition to domestic sources, Petrotel refines Russian
crude oil at its Ploiesti site, before having to find alternative
suppliers after EU sanctions (2022) impeded the inflow of
Lukoil’s regular sources. Gradual restrictions allowed for a
surge of consecutive monthly imports of Russian crude oil
(up to 3-5 times higher than regular deliveries) through
Constanta’s Oil Terminal and hedge its storage in Lukoil’s
own fuel depots, as well as additional storage capacities
rented from Oil Terminal and Conpet, before the embargo.
Lukoil is a major fuel supplier for the Romanian public
sector, despite low transparency of its operations’ data,
continuous net operating loss and tax evasion suspicions.
Landlocked CEE countries (Czech Republic, Slovakia and
Hungary) were exempt and continue to receive deliveries of
(cheaper) Russian oil. Since its regular EU markets ceased

imports, Russia is now shipping (more) oil to new markets
(China, India, Turkey, North Africa, South America), that
now act as an intermediary in petroleum products sale. India
is clearly benefiting from selling refined products to the EU
(20/27 countries), at full price, but from cut-price Russian-
originated oil imports. India’s top 3 markets (2023) are the
Netherlands (24%), France (23%) and Romania (12%). As of
2024 the Czech Republic has also fully complied to EU
sanctions, having found alternative options, but Hungary’s
MOL (who also owns Slovnaft from Slovakia) continues to
favor cheaper Russian imports, despite having alternative
sourcing nearby. The Adria pipeline from Omisalj (Croatia)
considered more expensive, has higher technical risks,
logistics costs and Russian imports would still be necessary
to supplement oil deliveries from Croatia (up to 80% of total
refining needs), according to Hungary (MOL). After Ukraine
blocked all Lukoil transit shipments (via the Druzhba
pipeline), Hungary’s MOL found Tatneft as an alternative
provider. Russia also uses a shadow fleet (600-2,000 rented
tankers, some being in an advanced state of degradation) for
80% of its crude oil shipments to Kaliningrad and/or other
destinations through the Baltic Sea, bypassing the Swedish
island of Gotland.

Every year more than two thirds of Rompetrol’s refined
products (3.5 million tonnes of fuel products & LPG) are
shipped from Petromidia Navodari (9 intermodal terminals)
and Vega Ploiesti (6 intermodal terminals) with an average
of 60,000 tank wagons (rail) and 35,000 fuel trucks (road), in
addition to pipeline transportation (Conpet’s network).
Petromidia uses up to 10,000 tank wagons/month (75% of
total Rompetrol rail shipments, M800) to transport petrol and
diesel fuels from Navodari to its 6 storage depots across
Romania. Mogosoaia is Rompetrol’s largest fuel depot
(capacity: 13,000 tonnes), around 120 trucks supplying it
daily with premium products. Fuel trucks then handle
downstream deliveries to its network of filling stations
(regular and new premium-branded “hei” concept stations).
MMT enables both import (crude oil from Kazakhstan) and
export (refined products mainly towards subsidiaries in
Moldova, Bulgaria, Georgia) through its onshore and
offshore terminals at the Black Sea port. With its 3 terminals,
berth 9 is the most modern and allows transiting of 350,000
tonnes/month finished products (fuel products, ethylene and
LPG), in addition to the other 4 berths (for crude oil) at Midia
Port.

MOL uses trains for deliveries to the intermodal hub at
Curtici Cargo Center (West) and ships on the Danube River
to connect to Giurgiu port (South) which act as DCs for final
deliveries, mostly by fuel trucks, to its network of 238 filling
stations. KMG uses 2 routes: from Atyrau through the CPC
pipeline (Tengiz-Novorossiysk Black Sea Marine Terminal)
for regular shipments and through the BTC pipeline (Aktau-
Baku-Ceyhan route) for annual volumes of up to 1.5 million
tonnes (5-year agreement with SOCAR, since 2022). The
port of Ceyhan (Turkey) then directs KMG shipments
towards Romania’s Black Sea port with unloading in the
Petromidia refinery from its offshore marine terminal near
Constanta.
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OSCAR Downstream’s business model relies on
imported petrol and diesel fuels, their transport and storage
within its network of fuel depots and distribution with the
OSCAR tankers fleet. By sourcing its petroleum products
from fuel traders, OSCAR is closely linked to the global fuel
market, making it more vulnerable to international market
trends and events. Price volatility increased as a result of a
series of recent crises (Covid-19 pandemic, energy crisis,
Russia’s invasion of Ukraine, Houthi attacks in the Red Sea
and geopolitical tensions in the Middle East) and exacerbated
supply chain challenges and disruptions for major
distributors.

OSCAR Downstream’s 7 fuel depots have a 38% share
of all independent units with a combined storage capacity of
over 75,000 cbm, being located within 250-300 km of each
other in all major economic regions. It owns 115 stations: 85
RO franchise stations (for B2C customers, 74%) and 31
OSCAR Dirive (for B2B customers, 26%). With a network of
over 2,500 DIESELpoint Access stations, the company also
provides B2B customers with the ability to refuel at their own
facilities (in-house). This implies the consignment of a
station (5,000, 9,000 or 20,000 liters) provided on a rental
basis (including installation, technical support and
maintenance), regular fuel supply handled by OSCAR’s fleet
of 82 tanker trucks and a fuelling management application.
Over 5,000 companies from the agriculture, transportation,
industry and construction sector have partnered with Oscar
Downstream for DIESELpoint Access stations (as of 2024).

Conpet (a 58.71% publicly-owned company) manages
the 3,809 km network of Romanian pipelines, an
interconnected system providing delivery terminals
(receiving and storage tanks) for upstream crude oil,
delivered by oil producers and/or importers (from own
domestic extraction sites and/or imported), and their
transfer/routing from these terminals/stations (through
pumps) towards oil processing units (refineries). The total
throughput of the pipeline system is 27.43 million
tonnes/year, 73% being used by imported oil (20.2 million
tonnes/year), while over 73% of total storage capacity is
reserved for domestic oil (126,000 cbm). Most of Conpet’s
15 loading/unloading ramps (86%) are used for loading crude
oil, with 13 locomotives and 69 tank wagons also being part
of their railway fleet. Publicly-owned (87.75%) Oil Terminal
is located in the Port of Constanta and is the largest Romanian
terminal for the import and/or export of oil products (crude
oil, petroleum products, petrochemicals, etc.). Oil Terminal’s
services (receiving, storage, conditioning and shipping)
cover import, export and transit of all types of petroleum
products. Petrom (OMV) and Lukoil (Litasco) use Oil
Terminal for their import of crude oil, petroleum products
and/or diesel (including storage), as well as for the export of
refined fuels.

GFR has the highest share of cargo volumes (22.45%)
among all rail freight operators in Romania and is market
leader in transporting petroleum products (crude oil and
refined products) since 2013. With its 400 locomotives and
16,000 wagons, GFR is the main LSP for petroleum products
for all 3 refineries, as well as for Conpet and Constanta Port’s
Oil Terminal. Depending on the specific route (loading

and/or unloading station, distance travelled), GFR hauls fuels
with 15-50 tanker wagons/freight train of petroleum
products.

5 DISCUSSION

This research paper’s main objective is to underline the
relevance of infrastructure (intermodal and pipelines) in
connecting upstream oil refining production capacities with
downstream distribution networks by using Romania as a
case study. The 3 analyzed refineries (Petrobrazi, Petrotel
and Petromidia) have very good sourcing alternatives, both
East (Port of Constanta) via sea shipping and pipeline
transportation networks and West (Curtici Cargo Center) via
intermodal transportation (road-rail) options.

Most previous studies conduct research on correlations
of oil refining with macroeconomic data [26], downstream
optimization of fuel distribution networks [29] or use the
particular case of a given filling station [32]. While they are
a source of new insight, these approaches are either too broad
[25] or only focus on partial oil supply chains [28] and thus
have inconsistent outcomes. More targeted research
endeavors tend to either favor obvious conclusions [27], due
to a homogenous sample [30], or be too complex and require
additional parameterization [31]. This research paper, on the
other hand, provides an in depth analysis of the Romanian oil
refining supply chain, integrating all major multinational and
independent brands, as well as the national pipeline
infrastructure and its storage depots. It is, at the time of
writing, the first comprehensive study of a country’s oil
refining industry with high practical insights as its major
strength. Due to the lengthy data collection process and
differences in data range disclosure (NDAs) research design
is mostly descriptive and explanatory as correlations
(analytical or predictive models) would have implied using
confidential datasets. Dataset restrictions are thus a drawback
for a more proper scientific research design and
corresponding conclusions, as well as a main limitation of
this study.

The purpose of this article was to study the impact EU
sanctions on Russia have on Romania’s Petrotel refinery
(Lukoil) and how its oil supply chain managed operations
with alternative suppliers. Its geostrategic location,
concentration of oil refineries in neighboring countries and
intermodal infrastructure interconnectivity facilitated
marginal disruptions in the overall fuel supply. Potential
future research topics could cover the role of oil refining in
local economies (jobs, infrastructure development, GDP
growth contribution), the feasibility of shifting away from
Russian oil sourcing alternatives or increasing digitalization
in oil refining supply chains (EDI, digital twins, machine
learning applications).

6 CONCLUSION

More than 80% of Romania’s total output of petroleum
products is currently provided by OMV’s Petrobrazi and
KMG’s Petromidia refineries. Up to two thirds of their crude
oil is sourced locally, whilst they own over 43% of all filling
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stations and almost a third (28%) of all fuel depots. Lack of
recent investments, tax evasion lawsuits and EU sanctions on
Russian oil has scaled back production output at Lukoil’s
Petrotel refinery to under 20% of domestic share (2023). In
addition to its refineries, Romania’s filling stations are
replenished from 8 other onshore and 7 offshore locations, 4
closely located alternatives being available in its neighboring
countries (Bulgaria, Serbia and Hungary).

Offshore oil imports are handled through the Black Sea
via the private Midia Marine Terminal (KMG), Constanta
Port’s dedicated terminals (Oil Terminal, new JT Terminal)
and its interconnected downstream pipeline network
(Conpet). Conpet owns 25% of domestic fuel depots (11/43
units), its pipelines connect 24/41 counties (58%) across
Romania and are linked with the 3 domestic refineries.

Over 70% of Romania’s filling stations (2,291 units) are
owned by multinational oil companies, whilst more than half
(1,306 units) are owned by the domestic refinery-operating
brands: Petrom, OMV, Rompetrol and Lukoil. A mix of
pipelines, rail freight and trucks is used to distribute petrol
and diesel fuels to their network of filling stations. Almost all
fuel depots (42/43 units) are located in regions with both
economic development (oil refining, carmakers and/or
automotive suppliers) and infrastructure connectivity (road,
rail and/or port).

This case study research highlights the underlying role
of infrastructure connectivity in economic development. Oil
industry in Romania leverages its logistics to source, refine
and distribute petroleum products across its network of fuel
depots and filling stations. Insights reveal that shifting away
from Russian imports and finding alternative oil sources is
less of a challenge in case of multiple onshore and offshore
backup options.

The paper’s added value resides in its high degree of
carried out on-site fieldwork, offering relevant practical
insights sourced from the actual oil industry environment.
Parts of collected data are not subject to disclosure (NDAs)
and willingness of oil industry and/or terminal operators to
grant access to internal data is very limited. The extent to
which such data is processed, findings expressed within the
paper’s content and certain wording choices are subject to
written approval, affecting scientific research approach and
study replicability. These trade-offs counterbalance the
empirical value of the research paper and are its major source
of limitations.
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Application of Photogrammetry in Agriculture with an Emphasis on Close-Range
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Abstract: In contemporary agricultural practices and technological advancements, the paramount focus is on enhancing productivity and operational efficiency. This entails the
effective management of digital resources like obtained from photos while minimizing costs. Through the application of close-range photogrammetry and various specialized
software (Agisoft Metashape, CloudCompare, MicMac, Pix4Dmapper and OpenDroneMap), farmers can effectively and accurately monitor vegetation indices and generate three-
dimensional models, thereby enhancing the optimization of their agricultural practices. Photogrammetric softwares enable creating 3D models, their interaction with the processing
procedure, production of point clouds, image mergin from drone photos and an automatic extraction of DEMs. The emphasis of the paper is on the great potential of photogrammetry
with the main goal to improve modern agriculture such as cost reduction, precision and accuracy, data collection and similar to. Paper is based on examples of practice and field

work in the agricultural sector around the world.

Keywords: Agisoft Metashape; agriculture; close-range photogrammetry; CloudCompare; MicMac

1 INTRODUCTION

The non-contact acquisition of data on the characteristics
of studied surfaces and objects and their interpretation can be
done using photogrammetry [ 1] and, in general, the technique
of measuring the shape, size or position of a selected object
through the interpretation of a series of photographs [2].
According to [3, 4], photogrammetry can be described as an
art, science and technology to obtain good quantitative
information about various objects and the surrounding
environment through the process of measuring, recording and
deciphering photographic images. The most economical and
fastest way to collect geospatial data is by using digital
photogrammetry methods [5]. In the discussed field, remote
sensing generally offers two functional options, namely,
satellite  imagery and wunmanned aerial vehicle
photogrammetry [6, 7]. According to [8] the monitoring of a
selected corn hybrid within pre-defined growth intervals is
possible with photogrammetry images. Authors [9] used
digital photogrammetry to quantify erosion on agricultural
land. Photogrammetry is divided into two main types, namely
aerial photogrammetry and terrestrial photogrammetry [10].
At the same time, there are two further subdivisions in
relation to the position of the camera, namely horizontal and
extra-terrestrial photogrammetry [11]. In close-range
photogrammetry, the objects studied are examined using
photographs or digital images taken with a camera at close
range. The model in close-range photogrammetry is created
on the basis of the central perspective projection [12]. It is
mainly based on digital technology to store and manipulate
data (images) in the applied area to create digital models that
correspond to the real captured objects. This opens up the
possibility of modeling standard concepts such as length,
area and size as well as spatial coordinates [13]. The authors
[14] note that with the increasing resolution of digital
cameras and advances in calibration, close-range
photogrammetry is increasingly being used to create three-
dimensional models of objects with high precision. Model
construction with close-range photogrammetry consists of a
series of steps that begin with taking photographs and
orienting them relative to the object [15].

2 PHOTOGRAMMETRIC SOFTWARES
2.1 Agisoft Metashape

Agisoft Metashape is used for 3D modeling, which
creates high-quality 3D spatial data by processing digital
photos [16]. On figure 1 is presented the process of importing
and aligning photos from plough share. Agisoft Metashape is
a program that performs photogrammetric processing of
digital photos and generates three-dimensional spatial
information used in geographic information systems and
visual effects production, as well as for indirect
measurements of various objects. The authors [17] claim that
it is an improved photo-based three-dimensional modeling
that can be used to generate professional-quality three-
dimensional content from still photographs. This program is
one of the best photogrammetry tools. Author [2] states that
the mentioned application is used to process 3D data on the
wear and tear of parts of agricultural machinery. The program
also makes it possible to work with laser scanning and
combine data from LiDAR (Light Detection and Ranging)
and cameras in the same project. LIDAR is a widely used
method for reconstructing three-dimensional images for
various applications and points to reconstruct three-
dimensional maps of the investigated environment [18].
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Figure 1 Agisoft Metashape — importing and aligning photos from plough share [2]
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2.2 MicMac

MicMac (Fig. 2) is a freeware program for
photogrammetry [19]. It is used by the French National
Geographic Institute for its research, which includes
algorithms for three-dimensional image processing for a
wider audience, universities, public institutions and
companies [20]. The MicMac processing method is fully
customizable by the user, allowing for fine-tuning [21]. As a
photogrammetric program, it is characterized by precision
and reliability and offers capabilities not available in most
alternative programs [14]. For example, according to the
authors [20], the program allows access to intermediate
results in open data formats, which enables interaction with
the processing procedure at each stage as well as qualitative
evaluation of the results via quality indicators. In addition,
different models for camera calibration are available, e.g.
models configured for cameras with basic functionality,
large-format aerial cameras, cameras with very long focal
lengths, fisheye cameras and cameras that can capture a 360-
degree panorama [20]. Authors [22] state that the MicMac
was successfully used for the purposes of determining key
agricultural strategic factors.

Orthomosaique de la zone des Mourres (04)

Figure 2 MicMac ortho-mosaic [23]
2.3 Pix4Dmapper

Pix4D (Fig. 3) is an advanced program for creating
geocoded maps and models from aerial imagery.
Sophisticated photogrammetry software is used to create
professional orthomosaics, point clouds and models from
images captured by drones [24]. According to the official
manufacturer Pix4D, the main process consists of 7 steps:
Capture, Digitize, Control, Measure, Review, Collaborate
and Share. With the mentioned program, different
performances of final products can be obtained, such as point
clouds in full color, orthomosaics, three-dimensional
textured meshes, a series of maps of general interest and
temperature mapping with corresponding data processing
that includes a report on the credibility of the data [25].
According to [26] the aforementioned application was used
for software for processing photogrammetric data, more
precisely for creating maps for precision fertilization.

Figure 3 Plant health in Pix4DMapper [27]
2.4 OpenDroneMap

OpenDroneMap (Fig. 4) contains a set of open source
software packages that provide a complete photogrammetric
solution for small drones [28]. The software works as an
application for processing non-referenced images with a high
degree of overlap, including color point clouds, digital
surface models, textured digital surface models, and
orthophotos [29]. After the process of image merging, the
software has a visualization option that uses Meshlab,
Python, and the WebOdm web application to integrate
features such as user authentication, map visualization, and
three-dimensional displays [30]. According to [31] it was
possible to create a weed spread map with the help of
OpenDroneMap.

& WebODM Brighton

localhost 8000/ dashboard,

Figure 4 Plant health in OpenDroneMap [32]
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Figur 5 Laser Scanner PlantEye builds 3D point clouds [34]

Laser scanners are often used for non-contact
measurement (Fig. 5) of roughness and provide information
on accuracy in the range of 0.1 — 0.5 mm and 0.1 — 2 mm for
vertical and horizontal measurements respectively.

TEHNICKI GLASNIK 20, 1(2026), 152-157

153



Domagoj Zimmer et al.: Application of Photogrammetry in Agriculture with an Emphasis on Close-Range Photogrammetry

Numerous studies of this type have been carried out under
controlled indoor conditions, as certain devices must be used
in field research due to their complexity, which has a direct
impact on variable costs, technical maintenance and
ultimately low resistance to meteorological conditions and
dust, as well as processing time [33].

3 APPLICATION OF PHOTOGRAMMETRY IN
AGRICULTURE
3.1 Vegetation Indices

Vegetation indices (Tab. 1) provide a wealth of data for
various practical applications in precision agriculture and
offer quantitative information on plant growth and health
[35]. Vegetation indices (VARI, NGRDI, GLI and ExG) are
the result of very simple and effective algorithms for
quantitative and qualitative prediction of vegetation cover,
lushness and growth rate, which are used in environmental
monitoring, biodiversity conservation, agriculture, forestry
and other similar fields [36]. Vegetation indices are
information obtained by calculating from numerous channels
of multispectral images based on the absorption, transmission
and reflectance of plants in different spectral channels.
Vegetation indices are used to graphically predict vegetation
activity on the production area under investigation.
Vegetation indices in production areas with vegetation have
higher pixel values than in areas without vegetation [3].

4 CLOSE-RANGE PHOTOGRAMMETRY IN AGRICULTURE

Close-range photogrammetry usually captures an object
within a few metres from different angles. Used in
agriculture, it can generate 3D models using various
algorithms.

Figure 6 Measurement of soil surface roughness by close-range photogrammetry
method processed by Agisoft Photoscan [41]

4.1 Improving the Accuracy of Soil Roughness Measurements

The quantification of soil roughness is actually the extent
of irregularity of the production surface due to soil texture,
aggregates, rock fragments and the way the production
surface is worked. It has a significant impact on surface water

storage, infiltration, overland flow and ultimately sediment
deposition and erosion [37]. The roughness of the production
surface can be determined by contact techniques such as
roller chain calculations [38], profile measuring devices or
using a needle [39] and automated relief measuring devices
[27]. Automated close-range photogrammetry is increasingly
used today (Fig. 6) [40]. Stereophotogrammetry, which
enables very fast information acquisition and automatic
extraction of DEMs, is used to obtain micro-reliefs of the
production surface with acceptable accuracy (vertical 0.2—6
mm, horizontal 1-5 mm).

4.2 3D Surface Modeling of a Tomato Plant and Tractor Tire
Footprints

The creation of a 3D model is considered a complete
process, the first step of which is the collection of
information, while the last step is the creation of a virtual 3D
model that can be displayed on a computer multimedia [42].
Close-range photogrammetry enables very high-resolution
point clouds (Fig. 7). Efficient methods for 3D reconstruction
from images are widely available on web-based online
processing services and allow the export of high-quality
textured 3D models (Fig. 8) [43].

Figure 7 Three-dimensional mesh cloud of a tomato vegetable [5]

Figure 8 3D mesh of triangles of the tire imprint on the ground: A - with intact
ground (/% - depth of the imprint); B - determined imprint (/ - length of the imprint
and b - width of the imprint) in Smarttech3Dmeasure [44]
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Figure 9 CloudCompare Surface differences on plough share’s [2]

5 CLOUDCOMPARE

CloudCompare (Fig. 9) is a software for processing 3D
point clouds and triangle meshes. Also, CloudCompare can
show differences in surfaces, measure surface and measure
volume. Very important for this kind of application is that it
can shown and export differences by diagrams. In addition,
it includes advanced data processing algorithms to perform
actions such as displaying images in multiple projections
(rectangular, cylindrical, conical), registering point clouds,
calculating distances (between two point clouds, between a
cloud and a triangle mesh, between two individual points),
test statistics, and evaluating geometric properties [45]. It can
be easily used for the visualization of large data sets.

6 CONCLUSIONS

Tribology is the science that studies phenomena on the
surfaces of two bodies in contact or relative motion
(triboelements), primarily friction, material wear, and the
effects of lubrication. At the beginning tribology was based
on measuring the mass of objects before and after using. in
this way, an insight was gained into the state of the materials,
i.e. today's 3D models, which can be created much faster
thanks to the mentioned programs. The use of
photogrammetry in agriculture represents a significant and
promising approach for the further development of the
agricultural sector. This paper has also emphasized the
potential  of  photogrammetry, i.e.,  short-range
photogrammetry, in various segments or aspects of
agriculture, ranging from crop monitoring using vegetation
indices to the accuracy of soil surface roughness
measurements and the creation of 3D plant models through
short-range photogrammetry. The use of photogrammetric
technologies and the processing of images with
photogrammetric software enable farmers and experts to
optimize the use of resources and improve productivity and
work efficiency. Close-range photogrammetry in agriculture
offers great opportunities for precision agriculture. Agisoft
Metashape is one of the best known photogrammetry
programs and is characterized by its ability to create very
high quality 3D models. It is mainly intended for
professionals. MicMac and OpenDroneMap are open source
programs that provide tools for image processing and 3D

model creation. Their best feature is their cost-effectiveness.
Pix4DMapper is a program, which uses photos to create high
quality orthomosaics and is often used in agriculture.
CloudCompare, while not photogrammetry software, is used
for processing and analyzing 3D point cloud data.
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The Crucial Role of Graphic Design in Shaping User Experience: A Study Case
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Abstract: This study explores the integral role of graphic design in shaping user experiences on digital platforms, particularly on Instagram. Using Peirce's semiotic method, the
research combines analyses of icons, indexes, and signs within the Instagram interface on user engagement, usability, and emotional connection. Findings indicate that
the intentional design of these elements significantly influences users' initial engagement and overall satisfaction. However, frequent and disruptive changes to the graphic design,
especially layout modifications, can negatively impact the user experience by disorienting users, reducing efficiency, and creating frustration. The study underscores the importance
of thoughtful and consistent graphic design in creating engaging and user-friendly digital platforms. By understanding the semiotic significance of design elements, designers and

developers can enhance user experiences and improve the overall platform performance.

Keywords: digital platform; graphic design; study case; user experience; user interface

1 INTRODUCTION

In the ever-evolving digital era, the role of graphic
design in shaping user experience has become a critical
aspect that influences interactions across various platforms.
Graphic design not only provides aesthetic elements but also
significantly impacts how users interact with digital media.
Graphic design includes the use of visual elements, such as
color, typography, and images, which play an important role
in conveying messages and creating a brand identity [1]. The
definition of graphic design in this context is the art and
practice of combining visual elements to create effective
communication. With a focus on digital platforms, the media
studied spans a wide range of forms, from websites to mobile
applications, where graphic design serves as the primary
means of conveying information and guiding users through
their digital experience [2]. The media characteristics studied
include various aspects, such as page layout, navigation, and
design elements related to brand identity. Additionally, the
design should be simple and easy to understand, with optimal
readability and clear typography [3].

With the rapid development of digital technology, the
use of various digital platforms is becoming increasingly
widespread [4]. One of the most significant impacts of digital
platforms has been on communication. Social media provide
a convenient and accessible means of sharing information,
expressing thoughts and opinions, and building and
maintaining relationships. One of the most popular social
media platforms is Instagram. It is a social media platform
that primarily focuses on photo and video sharing. It has
rapidly gained popularity due to its visually appealing
interface and user-friendly design. Its ability to capture and
share moments in a visually striking manner has resonated
with millions of users worldwide. The platform's focus on
high-quality images and videos has attracted a large number
of users who appreciate the aesthetic appeal of visual
storytelling. The ability to apply filters and editing tools has
empowered users to create visually stunning content that
stands out from the crowd. This has led to the emergence of
a thriving community of photographers, artists, and
influencers who use Instagram to showcase their work and
connect with their audience. Instagram's combination of

visual appeal, user-friendly design, and social features has
made it a popular and influential social media platform.
Amidst these dynamics, the role of graphic design in
creating engaging and effective user experiences is
increasingly important. However, graphic design is often
overlooked in the digital product development process, even
though well-designed visual elements can increase user
engagement and increase interaction efficiency [5]. In
analyzing the influence of graphic design on user experience,
this research will answer the following main questions:
1) What is the crucial role of graphic design on Instagram
in improving user experience in the digital world?
2) What errors or shortcomings in graphic design on
Instagram can negatively impact the user experience?

Accordingly, this research aims to reveal and analyze the
impact of graphic design on Instagram for improving user
experience in digital environments. The influence of graphic
design on user experience will be studied through an in-depth
analysis of user interactions with these design elements to
understand more deeply how graphic design contributes to
user satisfaction, engagement, and efficiency in the context
of digital media [6]. Through an in-depth understanding of
the crucial role of graphic design in various forms of digital
media, this research objective is to identify how these visual
elements contribute to the level of user satisfaction,
engagement, and efficiency. By drawing attention to the
interactions between users and graphic design elements, this
research is expected to provide more comprehensive insight
into how graphic design influences the overall user
experience in the digital realm. Consequently, it can help
developers, designers, and other stakeholders to optimize
graphic designs to achieve more positive and satisfying
results in the use of digital media.

2 LITERATURE REVIEW

In an increasingly digitally connected world, graphic
design is not just an aesthetic addition but the foundation that
shapes the entire user experience [7]. Graphic design as a
discipline involves the use of visual elements, including
color, typography, and images, to create communication that
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is not only effective but also engaging [8]. Graphic design
theory provides an important foundation for practitioners and
researchers to understand the basic principles that guide the
process of creating attractive and functional interfaces. One
of the central concepts in graphic design theory is visual
hierarchy, which highlights the importance of arranging
visual elements in such a way that the user's eyes naturally
fall on the most relevant and significant information. In the
context of user experience, visual hierarchy is key to guiding
users through an interface in an intuitive way, thereby
increasing understanding and engagement [9].

Moreover, the concept of usability underlines the
importance of designs that can be used easily by users
without significant problems. An easily accessible interface,
with clear navigation and intuitive understanding, is key to
creating a positive and efficient user experience. By detailing
these principles, graphic design theory provides an in-depth
look at how design can influence user interactions [10]. This
combination of visual elements creates a form of
communication that goes beyond words, creating a visual
narrative that is evocative and empowering [11]. In the digital
era, graphic designers and UX (User Experience)
professionals have increasingly greater responsibilities. They
not only create attractive interfaces but also consider the
overall user experience. Users are taken through a visual
journey, from color selection to carefully designed page
layouts, shaping their perception of the digital platform or
product.

The visual design of a digital platform or product plays a
crucial role in shaping user perception and experience. From
the initial color palette to the carefully crafted page layouts,
every visual element contributes to the overall aesthetic and
functionality of the interface. Color, as a key element in
graphic design, plays a central role in shaping user
experience in various digital environments [12]. The
implementation of color psychology in digital settings
includes the use of colors to achieve specific goals [13]. The
appropriate implementation of color psychology can
significantly increase user satisfaction and engagement in
digital settings [14]. Choosing the right color can create an
atmosphere that supports the intended use, increases visual
appeal, and builds an emotional connection with users [15].

Using fonts that suit the context and purpose of the
communication is also vital. The choice of font, size, and text
arrangement is not just a technical aspect of graphic design;
it is an art that plays an important role in shaping the user
experience [16]. Typography is not just a tool for conveying
information; it also creates a visual identity. It is a medium
where messages are conveyed, accessibility is enhanced, and
typographic aesthetics create an unforgettable brand identity
[17]. Carefully chosen typography can improve accessibility,
ensuring that information is accessible and understandable to
a wide range of users [18]. Text size also plays an important
role. In responsive design, text size must be adjusted to
remain consistent and easy to read across devices. Choosing
contrast between text and background colors also contributes
to readability.

Furthermore, page layout is another essential aspect of
visual design. The arrangement of elements on a page can
significantly impact user experience [19]. A well-designed
layout should be easy to navigate, with aclear visual

hierarchy and a logical flow of information. Designers should
use white space effectively to create a sense of balance and
avoid clutter. Visual design also plays a crucial role in user
engagement. The use of high-quality images, illustrations,
and animations can enhance the visual appeal of the interface
and make it more engaging. However, it is important to
ensure that visual elements are not overwhelming and do not
detract from the core functionality of the platform [20].

In addition to aesthetics, visual design can also improve
usability. Utilizing clear and consistent visual cues enables
designers to improve users' understanding of how to engage
with the interface effectively [21]. For example, the use of
buttons, icons, and other visual elements can provide clear
indications of functionality. A well-designed interface should
be intuitive and easy to use, even for users who are not tech-
savvy. Knowing content media enhanced the users' fantasies
and reinstruction with pleasant feelings [22].

In this overall context, it is important to realize that
graphic design is not just about aesthetics. Graphic design is
a visual language that can strengthen messages, shape brand
identity, and build emotional connections with users [23]. It
is a tool that allows the transmission of information, ideas,
and emotions through globally accessible media. A carefully
planned combination of visual elements creates more than
just an image but a visual narrative that speaks to the user
through each carefully selected element. Therefore, an in-
depth exploration of the impact of graphic design on user
experience is not only relevant but also urgent to advance our
understanding of the ever-evolving digital world.

3 METHODOLOGY

By using Peirce's semiotic theory, this research becomes
very relevant when it is associated with the influence of
graphic design on user experience. In this context, Pierce's
semiotic approach allows research to describe in detail the
graphic design elements involved, analyze the interactions
between these elements, and interpret their impact on user
experience [24]. This method allows researchers to detail
every aspect of graphic design, such as the use of color,
layout, typography, and other visual elements. An in-depth
analysis of these factors provides a better understanding of
how graphic design can influence user perception and
response to a product or service. This research can also
identify correlations between certain design choices and
levels of user engagement, satisfaction, or even potential
confusion. The analysis process provides deeper insight into
how graphic design can contribute to creating a positive user
experience or vice versa [25].

In addition, the interpretation stage in Pierce's semiotic
theory allows researchers to interpret findings by assembling
a broader context, including how graphic design can
influence brand perception, company image, or even user
attitudes toward a product or service. By connecting this
descriptive approach to the impact of graphic design on user
experience, this research provides a powerful tool for
uncovering the complexity of interactions between design
elements and wuser responses, providing a deeper
understanding of how graphic design can be improved. The
use of Pierce's semiotic theory in research regarding "the
influence of graphic design on user experience" offers a
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structured approach and allows systematic measurement of
the variables involved [26].

Sign

»
Interpretant « » object
Figure 1 Semiotic Theory

The use of sign semiotics, according to Charles Sanders
Peirce's theory in research regarding "the influence of
graphic design on user experience", can provide in-depth
insight into how visual elements in graphic design form
meaning and influence user perceptions. The following is the
implementation of sign semiotics in this context:

a) Icon. An icon is a sign that has a physical or visual
similarity to the object it represents. In the UI design, the
camera button has a camera-shaped icon that depicts the
physical object, then that is an example of an icon. These
icons allow users to recognize the button's function
quickly. For example, the use of a lock icon represents a
security page in a banking application design. Users can
quickly identify that the lock icon indicates a security-
related area.

b) Symbol. A symbol is a sign that has a conventional
relationship or social agreement with the object it
represents. Users generally identify the arrow symbol
pointing to the right as a button to move to the next page.
Although there is no physical resemblance to the concept
of "next", social conventions make the symbol easy to
understand. For instance, heart symbols indicate
"favorites" or "likes" in social media platform designs.
The heart symbol is universally recognized as a positive
expression, creating a user's emotional connection to the
content.

c) Index. An index is a sign that has a cause-and-effect
relationship or is directly related to the object it
represents. For illustration, an index can be seen in the
network signal indicator on the UI design of a mobile
device. If it is in a full mark, it indicates a strong signal;
meanwhile, if it is blank, it indicates a weak signal. A
direct relationship between a sign and a network
condition is an example of an index. Another example is
a display of delivery status indicators (e.g., a checklist
icon or loading animation) when a user sends a message,
which provides real-time feedback regarding the status
of the message delivery process.

4 RESULTS AND DISCUSSION

In this research, the Instagram application is used as an
object of analysis. The analysis of UI/UX on Instagram
according to Pierce’s Semiotic theory is presented as follows:

4.1 Instagram’s Icons

In Peirce's semiotics theory, an icon is a sign that
physically resembles the object it represents. Within the

context of the Instagram app, icons play a pivotal role in
guiding user interaction and facilitating seamless navigation.
These visual signs include navigation and action icons, which
assist in providing clear visual signs and streamlining the
user experience.
a) Navigation Icons

Navigation icons are essential components of user
interface design that guide wusers through digital
environments. They play a crucial role in helping users
navigate the app's various features and content. These icons
are strategically placed throughout the Instagram interface,
providing clear and intuitive pathways for users to explore
and interact with the platform.

= Top navigation bar

‘lm’fagnum. %

Following ,9:-)\

Favorites ﬁ

Figure 2 Icons in the top navigation bar

There are several icons at the top navigation bar. First,
there is an arrow icon next to the Instagram logo. The arrow
icon serves as a visual cue that guides users toward additional
options or settings within the Instagram interface. In the
context of the top navigation bar, this icon represents the
action of switching between the "Following" and "Favorites"
feeds. The arrow icon's simple and universally recognizable
design contributes to its effectiveness. Its clear and concise
representation of the underlying action ensures that users can
quickly understand its purpose and utilize it without
confusion. This icon suggests a sense of depth or expansion,
implying that more options are available beyond the
immediately visible content. The meaning assigned to this
icon is intuitive; thus, it is easily understandable to the users.
This, in turn, can lead to increased engagement and
satisfaction with the platform [27].

Second, there is a heart icon. The heart icon is a universal
symbol on social media platforms like Instagram. The heart
icon in the top navigation bar functions as a notification
feature. It notifies users when their posts receive additional
likes, comments, or mentions. Its ability to convey positive
emotions, foster social interaction, and provide notifications
makes it an essential tool for connecting users and building a
sense of community. Additionally, the design of the heart
icon can evoke specific emotions and associations,
influencing users' perceptions of the platform and its content
[28]. Hence, the heart icon's design and functionality
contribute to a more engaging and rewarding user experience
on Instagram.

Third, there is a messenger icon. The messenger icon, a
speech bubble with a horizontal lightning bolt inside, is a
visual symbol that represents the platform's direct messaging
feature. The speech bubble, a universally recognized symbol
for communication, is an iconic representation that
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immediately conveys the idea of messaging or conversation.
On the other hand, the lightning bolt within the speech bubble
adds a symbolic dimension that suggests speed, efficiency,
and real-time communication. It allows users to share
thoughts, ideas, and experiences in a private and intimate
setting than in the platform's public sphere. This simple yet
effective symbol represents the concept of communication
and evokes associations with interpersonal interactions in the
real world. This can lead to increased engagement with
friends and followers, thereby fostering stronger social
connections and enhancing the overall user experience.

= Bottom navigation bar

A Q @ ® @

Figure 3 Icons in the bottom navigation bar

The bottom navigation bar has five icons. First, there is
a home icon. This familiar symbol allows users to quickly
identify and access the home page, where they can discover
new content, interact with their feed, and explore the
platform's various features. The feed is personalized to each
user as it displays posts from accounts they follow. This
allows users to stay updated on the latest activities of their
chosen influencers and communities easily. Accordingly, it
encourages users to engage with posts, leave comments, and
share their own content, resulting in a more vibrant and
dynamic social media environment. Therefore, the home icon
contributes to a more intuitive and enjoyable user experience
by providing a reliable and familiar point of reference within
the app's interface.

Second, there is a magnifying glass icon. It is a
universally recognized symbol of search and discovery. This
icon represents the user's ability to actively seek out new
content and trends beyond their personalized feed. The
magnifying glass icon empowers users to expand their
horizons and discover content they might not have
encountered otherwise. Beyond its role in content discovery,
the magnifying glass icon also functions as a search tool.
Users can quickly find relevant posts, profiles, or reels by
typing keywords or hashtags into the search bar. So, this
streamlined search functionality enhances user experience by
facilitating content discovery and fostering community
engagement.

Third, there is a plus icon. The plus icon serves as
Instagram's creative center, where users can create and share
their content. By sharing their own photos, videos, and
thoughts, users can connect with others, build their personal
brand, and become part of an online community. It empowers
users to share their unique perspectives, connect with like-
minded individuals, and foster a sense of belonging.
Therefore, the plus icon on the bottom navigation bar of
Instagram significantly improves user experience by
providing easy access to content creation tools, empowering
users to share their content, and fostering community
engagement.

Fourth, there is a reel video icon. The reel feature is a
short vertical video of around 15 to 90 seconds within the
app. The icon's design, a stylized film reel symbol, is easily
recognized and understood by users. Through a reel video
icon, users can express themselves in the form of video and
engage with the platform's short-form video feature. The
platform's algorithm would suggest reels based on the user’s
viewing history and preferences so each user would have a
personalized and enjoyable experience [29]. Hence, the reel
video icon plays a crucial role in the user experience by
giving users a way to create and engage with interesting
short-form video content.

Fifth, there is a profile icon. The profile picture icon
serves as a visual basis for users' personal identities within
the platform. Its strategic placement at the bottom right
corner of the app interface provides easy access to a user's
profile page, where they can view and manage their personal
information, posts, and followers. They can showcase their
content, interact with followers, and manage their account
settings. Additionally, since users can have multiple
Instagram accounts, this feature is particularly useful as it
provides a convenient way to switch between different
profiles. In conclusion, the profile picture icon enhances the
user experience by providing a visual representation of the
user's identity, facilitating easy navigation, and fostering a
sense of personalization and ownership.

b) Action Icons

Action icons are small, symbolic images that represent
specific actions or functions within the Instagram app. They
are typically found under individual posts or user profiles,
which allow users to interact with content directly.

O QY I~

Figure 4 Action icons below the Instagram post

There are four action icons at the bottom of Instagram’s
posts. First, there is a heart icon. Not only does it serve as a
notification icon, but the heart icon also appears below the
post as a means of appreciation or liking. Its stylized shape
represents the concept of affection, care, and appreciation.
This association with positive emotions makes the heart icon
a natural choice for indicating the action of liking a post. The
act of liking a post can be seen as a form of digital
affirmation, a way of acknowledging the content and its
creator. This can lead to a sense of belonging and connection,
as users feel valued and appreciated by their peers.

Second, there is a comment icon. The comment icon
serves as a gateway to social interaction on Instagram. This
icon represents the concept of conversation, evoking
associations with interpersonal communication in the real
world. Users can instinctively understand that it is the means
through which they can engage with the content and its
creator by leaving a written comment. It allows users to share
their thoughts, opinions, and reactions to posts, creating a
space for dialogue and discussion. This can create a more
interactive and educational experience for users, as they can
learn from each other and expand their knowledge. Hence, it
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provides users with a means of engaging in conversation and
fostering community.

Third, there is a share icon. The share icon, a stylized
paper airplane, serves as a symbol of dissemination and
distribution on Instagram. This iconic image represents the
user's ability to spread content beyond their immediate circle
of followers. Users can use the icon to share the post with
their friends, followers, or specific groups, effectively
extending its reach and visibility. It empowers users to
become active participants in the platform's content network.
Therefore, the share icon plays a pivotal role in shaping the
user experience by fostering community engagement and
content discovery.

Fourth, there is a bookmark icon. The bookmark icon is a
familiar symbol associated with saving and organizing
information. This icon represents the user's ability to store
content for future reference, ensuring that they do not miss
out on interesting or important posts. This allows them to
easily revisit the content at a later time without having to
search for it again. Users can also create personalized
collections that reflect their interests and preferences. This
can help users stay organized, avoid information overload,
and easily access relevant content when they need it. In
conclusion, the bookmark icon is a valuable tool for
Instagram users, providing a way to save and organize
content for future reference.

4.2 Instagram’s Index

Index in Peirce's semiotics theory refers to the direct or
causal relationship between a sign and the object it
represents. On Instagram, several elements can be considered
indexical signs. First, there is a notification.

Instagram 7m ago
@ (eyespyfotography): wilsonnwong,
sabrinamiso and ferrariofvancouver ';’
k recently shared new reels. &

Figure 5 Index in the form of notification

Notifications on Instagram are a clear example of an
index. They are directly linked to specific user actions or
events, such as new posts, likes, comments, or direct
messages. It helps users stay connected to their network and
participate in conversations. Timely and relevant
notifications encourage users to return to the platform,
fostering a sense of community and belonging. They keep
users informed about the latest activities of their friends and
followers, enabling them to stay up to date with the platform's
content. Additionally, Instagram’s algorithm tailors
notifications to individual users' interests and preferences,
enhancing the relevance and value of the information
presented [29]. Thus, Instagram notifications are critical for
maintaining user engagement and connection.

Second, there is a location tag. This feature allows users
to add a specific location to a post. This tag typically appears
between the username and the post content and serves as a

direct connection between the content and a specific
geographical location.

’+ swiss_travelz
Switzerland, Swiss

Figure 6 Index in the form of location tag

The location tag allows users to quickly identify where
the post was taken and potentially explore other content from
that location. This feature is particularly useful for travelers,
locals seeking recommendations, or those interested in
connecting with people in their community. Hence, location
tags have become integral to the Instagram users' experience,
significantly impacting user engagement and interaction.

Next, there is a timestamp. This time-based label
is usually located below the post content and indicates when
the post was published.

Figure 7 Index in the form of a timestamp

Timestamps provide a temporal context that helps users
navigate the platform more effectively and engage with
content in a meaningful way. It encourages engagement with
the most recent content, fostering a sense of community and
immediacy. Moreover, timestamps help users understand the
relevance of content in relation to their own timeline. This
also can build trust in the platform and its users, as it
demonstrates a commitment to transparency and accuracy
[30]. Thus, this personalized approach enhances the overall
user experience by tailoring recommendations to individual
preferences.

4.3 Instagram’s Symbol

A symbol is a sign that has no direct relationship to the
object it represents but derives its meaning from convention
or agreement. This distinguishes it from an icon, which often
has a direct visual resemblance to the thing it represents.
Instagram hashtags are prime examples of symbols. They do
not have any intrinsic connection to the content they tag but
rather acquire meaning through their widespread use and
understanding by the platform's users. It is symbolized by a
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pound sign (#) that allows users to categorize and find
content related to a specific topic. It can be found in several
places within the Instagram app, such as post captions,
comments, bios, and stories.

e ) travel

For you Accounts Audio Tags Places Reel

#travel
756M posts

s#travelphotography
248M posts

#travelblogger
91.6M posts

#travelgram
184M posts

Figure 8 Hashtag symbol
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Hashtags have a profound impact on Instagram's user
experience. Hashtags on Instagram serve as powerful tools
for discovery, categorization, and engagement. They allow
users to tag their posts with relevant keywords, making them
easily searchable by others who are interested in similar
topics. This functionality enhances discoverability, as users
can find content such as posts, reels, or stories that align with
their interests without having to follow specific accounts.
This feature empowers users to participate in conversations
and connect with others who are interested in the same
things. Therefore, Instagram hashtags serve as a powerful
example of how symbols can be used to enhance user
experience. Their ability to facilitate content discovery,
categorization, and community building makes them an
essential feature of the platform.

Hence, the Instagram UI design, characterized by its
intuitive navigation and icons, significantly contributes to a
positive user experience. The top and bottom navigation bars
provide easy access to core features, while the index elements
like the notification bar, location tag, and timestamps
enhance interaction and context. Additionally, the hashtag
symbol serves as a powerful tool for discovery and
engagement. By carefully considering these -elements,
Instagram has created a user-friendly interface that facilitates
seamless content exploration and interaction within the
platform.

However, Instagram is also known for frequently
updating its layout design, which makes many users
complain about the frequent adaptation. It has undergone
several Ul design changes over the years, receiving mixed
reactions from users. Some of these changes may result in
some users finding the new interface difficult or
uncomfortable [31]. Here are some examples and
considerations:

1) Additional Icon. Instagram's continuous evolution
involves introducing new features, such as Reels and
shopping features. These changes result in modifications to
the UI design. In this case, the reels and shopping buttons on
Instagram were added to the bottom navigation bar.

ﬁQ@E}IH

< o)
Figure 9 Reels and shopping button

Placing the Reels and Shopping buttons prominently in
the bottom navigation bar increases their visibility and
accessibility, making them easier for users to discover and
use. Nevertheless, adding these two new buttons to the
bottom navigation bar may make the interface feel cluttered
and less intuitive for some users, especially if they are
accustomed to the previous navigation layout [32].
Consequently, the introduction of new features or buttons
could disrupt the established workflows and potentially
reduce the overall user experience.

Figure 10 Exchange of the DM button with the explore/ search button

2) Layout Changes. Apart from adding new icons,
Instagram has also changed the location of the icons/buttons
several times. For instance, the exchange of the DM button
with the explore/search button.

The layout change may confuse users who are used to the
previous design, leading to frustration and a less positive
overall experience. It can also disrupt the established user
flow since users develop mental models of how to navigate
the platform, and when these models are disrupted, it can
create cognitive dissonance and hinder efficient interaction.

Thus, Instagram's frequent Ul design changes can lead to
mixed reactions from users. While these updates aim to
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improve the user experience, they can also disrupt
established workflows and potentially cause confusion or
frustration for those accustomed to the previous design [33].
As Instagram continues to evolve, it is essential to carefully
consider the potential impact of Ul changes on user
satisfaction and ensure that updates are implemented in a way
that minimizes disruption and enhances the overall user
experience. Designers should carefully consider the potential
impact of changes on existing users and strive to minimize
disruption. Clear communication about updates and gradual
changes can help mitigate user resistance and ensure a
smooth transition to new designs. Regular user testing and
continuous improvement through feedback help improve the
quality of the experience [34].

Therefore, Instagram's strategic use of icons, indexes,
and symbols significantly enhances user experience by
fostering intuitive navigation and understanding. These
visual cues streamline interactions, reducing cognitive load
and allowing users to engage with the platform efficiently.
However, while aiming to improve the user experience, the
platform's frequent updates can sometimes disrupt the
established familiarity, potentially leading to temporary
confusion as users adapt to the new interface.

5 CONCLUSION

Graphic design is not just about visual aesthetics but also
about how messages are conveyed and how users interact
with information. The quality of user experience is greatly
influenced by choosing the right colors, structured layout,
and clear navigation. Design responsiveness to multiple
devices is becoming increasingly important, given the
variations in digital device usage. Additionally, designs that
consider inclusivity and accessibility show concern for user
diversity. The interactive responses and feedback provided to
users help create an informative experience and guide users
through the interaction process. Through regular user testing
and continuous improvement, designers can continually
improve their designs according to user feedback. The task-
based approach also emphasizes the importance of design,
which supports users in achieving their goals efficiently.
Through this research, it can be concluded that there are six
principles of UX design with a focus on users, namely
understanding the target user, simplicity in layout, good
readability, visual consistency, and responsiveness to various
devices. By integrating these principles, designers can create
graphic designs that are not only aesthetically attractive but
also prioritize user comfort and usability in the context of
digital technology. In an increasingly digitally connected
world, understanding and applying these principles is key to
creating satisfying user experiences and meeting the needs of
users with diverse backgrounds and preferences.
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Development of Solar-Powered Herbicide Spraying Robot Controlled Using a Mobile
Application

Samuel O. Owoeye*, Folasade O. Durodola, Babatunde M. Bisiriyu, Kehinde M. Adegbenro, Taofeek A. Adetoro

Abstract: The evolution of digital agriculture is significantly influenced by agricultural robots, which contribute uniquely and present numerous benefits to the efficiency of farming
operations. The trend of population explosion that the world is experiencing mandates the need to provide an adequate food supply. Hence, a conscious effort must be taken to
eradicate weeds on the farmland. This research explored the use of technology to implement a weed elimination system by combining IOT and wireless navigation while also
implementing solar energy which encourages green energy initiatives. The research encompasses an unmanned ground vehicle driven by four wheels and controlled by a mobile
application that establishes a Bluetooth connection with the system. The ground vehicle was tested to establish the solar charging efficiency, the mobile application connection
and operation and the ground vehicle spraying action. The result obtained at the end of the research showed that remote controlled operation of agricultural robots can help
improve production efficiency while also reducing environmental pollution with solar charging systems.

Keywords: agriculture; bluetooth; herbicide; mobile application; solar; weed

1 INTRODUCTION

Agriculture is a scientific discipline that employs
contemporary  technologies grounded in scientific
methodologies and principles to enhance yield and
production efficiency [1]. These scientific principles include
crop breeding, crop protection, crop improvement and
veterinary procedures for livestock and animals [2]. The
natural rise in global population leads to heightened food
demands, and projections indicate that by 2050, the world
population may reach nine billion, necessitating a 70%
increase in agricultural output [3]. Weeds pose a significant
challenge in agriculture due to their unpredictable emergence
and competition with crops for essential resources, ultimately
leading to reduced crop yields [4]. Weeds emerge
sporadically throughout the field, competing with crops for
essential resources such as water, nutrients, and sunlight,
potentially leading to negative effects on both crop yields and
quality if not effectively managed [4-5]. Weed management
involves various methods and strategies to control and reduce
weed populations [6].

The demand for food is rising continuously, while
conventional agricultural practices are proving inadequate.
Additionally, the imperative of sustainable farm solutions
has become critical in light of significant global issues like
energy sustainability and migration crises [7]. The
conventional approach to weed control in agriculture relies
on manual labour and widespread herbicide application
confronts significant issues, such as resource inefficiency
and environmental degradation. Indiscriminate herbicide
spraying not only escalates operational expenses but also
raises ecological concerns, jeopardizing biodiversity [8].
Some farmers still use shoulder-mounted pesticide sprayers,
which can release harmful pesticide residues into the air,
posing health risks and potential fatalities [9].

The use of herbicides is common in agriculture that
depends on agrochemicals, especially due to the promotion
of genetically modified crops that can withstand herbicides
[10]. The effectiveness of this application method is a major
doubt due to how expansive some farmlands can be. Hence,

an automated means of application is required. Solar power
is incorporated into the system to explore the effective
combination of green energy with robotics to solve the
problem of herbicide application in agriculture. This
integrated system offers more than efficiency; it harnesses
solar energy, enabling independent operation in remote
agricultural areas without traditional power sources.
Powering onboard sensors and devices with solar energy
allows this system to run continuously without frequent
recharging, enhancing its scalability and adaptability in
diverse agricultural settings. Solar energy stands out as a
renewable energy source that is not constrained by
limitations in agricultural production. Its applicability
transcends factors such as property size, terrain
configuration, and specific agricultural sectors [19]. Solar
energy has the potential to meet global energy demands
through environmentally friendly methods and at a reduced
cost [20]. Many countries have not fully explored the
potentials of solar energy [22].

Agrobot was designed by [11] for agricultural
applications and represents a concept that, once optimized for
performance and cost, is expected to enhance efficiency in
agricultural spraying operations. The Agrobot is not cost
effective and the concept design height is too low for real-life
application [21]. Remote-controlled herbicide spraying
systems are a better alternative to manual herbicide
application as they factor in the health hazards associated
with the manual application on labourers and farmers. The
justification for this research is to develop a solar-powered
herbicide spraying robot, managed through a mobile app to
tackle agricultural labour shortages and supports sustainable,
precision farming. This eco-friendly, cost-effective solution
boosts efficiency, reduces chemical reliance, and prioritizes
worker well-being.

2 MATERIALS AND METHODS
2.1 Hardware

The components required for the execution of this
research are a buck converter, ESP 32 microcontroller

166

TECHNICAL JOURNAL 20, 1(2026), 166-172



Samuel O. Owoeye et al.: Development of Solar-Powered Herbicide Spraying Robot Controlled Using a Mobile Application

module, Photovoltaic cell, relay module, ultrasonic sensor,
DC motor, DC pump, charge controller, battery, connection
cables, metallic frame, wheels, hose with nozzles and tank.

2.1.1 ESP 32 Microcontroller

The ESP32 microcontroller (shown in Fig. 1 below) is a
popular choice for Internet of Things (IoT) projects due to its
low cost and power consumption, making it ideal for battery-
powered devices. Its integration of Wi-Fi and Bluetooth
capabilities allows for seamless connectivity to the internet
and other devices, making it versatile for a wide range of
applications. The dual-core Tensilica Xtensa LX6
microprocessor provides high performance and efficiency,
allowing for the smooth operation of multiple tasks
simultaneously.

Figure 2 LM 2596 Buck Converter

2.1.2 LM 2596 Buck Converter

The LM2596 regulator, shown in Fig. 2, is a monolithic
integrated circuit designed for easy implementation of a step-
down switching regulator (buck converter). It handles loads
up to 3.0 A with excellent line and load regulation, featuring
internal compensation to minimize external components.
Operating at a 150 kHz switching frequency, it offers higher
efficiency than traditional linear regulators, especially at high
input voltages, and allows for smaller filter components.
Available in a 5-lead TO-220 package and D2PAK surface
mount option, it has a guaranteed output voltage tolerance of

4%, a 15% tolerance on oscillator frequency, and an external
shutdown feature with a standby current of 80 pA. Protection
features include cycle-by-cycle current limiting and thermal
shutdown. Key specifications include an input voltage range
of 3.2 V to 40 V, adjustable output voltage from 1.25 V to 35
V, maximum output current of 3A, up to 92% efficiency,
output ripple below 30 mV, and an operational temperature
range of —45 °C to +85 °C, with dimensions of 43.2 x 21.0 x
14.0 mm [16-17].

2.1.3 Photovoltaic Cell

Photovoltaic cells also known as solar panels (see Fig. 3)
are devices that convert sunlight into electrical energy,
providing an alternative power source for the system.
Photovoltaic (PV) cells, also known as solar cells, are tiny
power generators that convert sunlight directly into
electricity. When sunlight hits the PV cell, photons (light
particles) are absorbed by a semiconductor material, typically
silicon. The absorbed photon energy excites electrons within
the semiconductor, freeing them from their atoms. Imagine
bumping an electron with enough force to break it free from
its usual spot. These freed electrons don't want to stay put.
Due to an internal electric field within the cell, it starts to
flow through it, creating an electric current. This flow of
electrons constitutes electricity that can be used to power
electronic devices. This movement of electrons is what we
use as electricity.

Figure 4 12V AD20P DC Pump

2.1.4 DC Pump

The DC pump (see Fig. 4) is an electromechanical device
that helps transmit fluid from one point to another by creating
a differential pressure due to a voltage change. The AD20P
DC pump 12 V has a brushless permanent magnetic rotor and
a very efficient running life of more than 30,000 hours. It
features a highly efficient ceramic shaft to reduce wear and
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tear, and it employs static sealing instead of dynamic to
minimize any leaking problems. The design is flexible to
allow the pump to be submerged and fully water-tight while
being energy-saving and low noise-emitting at less than 35
dB. It functions with a 12 V input voltage, which can be
supplied either from batteries or from solar panels.

2.1.5 DC Motor

The DC electric motor (shown in Fig. 5) is an electrical
machine that converts electric power into mechanical energy.
The DC motor is the prime mover of the unmanned vehicle.
The specification are as follow:

Voltage: 12V

- Weight: 310 g

- Motor diameter: 37 mm

- Output shaft length: 21mm
- No load speed: 2000 rpm

- Ratio: 1:6.3.

Figure 5 DC Motor

2.1.6 Relay Module

A relay is an electromagnetic switch that opens or closes
an electrical circuit when activated by an electric current. A
relay module (shown in Fig. 6) is a component that includes
a relay mounted on a board with other elements to provide
isolation and protection. Its main function is to switch
electrical devices on and off, while also isolating control
circuits to ensure safety. The relay can be triggered by
different voltage signals like 3.3 V or 5 V, making them
versatile for use in controlling the pump and DC motors.

Normally

losed

Common
Contact

Figure 6 Relay module

2.1.7 Battery

The battery, shown in Fig. 7, converts chemical energy
into electrical energy, powering the system. This system will
use a rechargeable battery with a voltage of 12 V to support
its various components. The other specifications of the
battery are:

- Capacity: 7.5 Ah
- Weight: 0.64 kg

Figure 7 Battery

2.2 Software
2.2.1 Mobile Application

The mobile control application was created using MIT
App Inventor, a user-friendly visual programming tool from
the Massachusetts Institute of Technology (MIT) that allows
users with little programming experience to develop Android
apps [18]. It features a drag-and-drop interface for building
applications with functional blocks. The platform includes a
designer layout for the user interface and a block layout for
backend operations with the microcontroller. It also supports
non-visible components like Bluetooth and Wi-Fi for
communication with the ESP32 module used in the research.
The mobile application front page layout is shown in Fig. 8
below.

AR R

Screenl

Mabile Controller for Herbicide spraying robot

Show Available Devices

Not Connected

%
o>
g

Figure 8 Mobile application layout

168

TECHNICAL JOURNAL 20, 1(2026), 166-172



Samuel O. Owoeye et al.: Development of Solar-Powered Herbicide Spraying Robot Controlled Using a Mobile Application

2.3 Construction and Assembly of Chassis Frame

The chassis was developed utilizing PTC Creo 9.0
parametric software, incorporating all essential parameters.
Fig. 9 illustrates the isometric and lateral views of the CAD
model. The chassis structure was constructed from L-shaped
metals, which were assembled through arc welding.

2.4 Overview

The system consists of an electrical circuit that controls
the robot's movement and pump function, powered by a
rechargeable 12 V battery charged via a solar cell and
managed by a charge controller to prevent overcharging. The
controller has indicators for battery status and a switch to
deactivate the circuit. A boost converter ensures a stable 5-
volt output for the ESP32 control unit, which manages inputs
and outputs. The motor control relays use 4 of the ESP32's
40 GPIO pins to control four motors for speed and direction.

Additionally, a relay module and ultrasonic sensors are
connected for pump control and level measurement. The
circuit diagram was created using Kicad software, as shown
in Fig. 10.

L]

Figure 9 3D CAD model of the chassis
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Figure 10 Circuit Diagram

2.5 Design Calculation
2.5.1 Weight Consideration

The power required to operate the system relies on the
characteristics of the DC motors utilized for wheel
propulsion [12, 13] stem is approximately 8 kg. Hence,
selecting the right driving motor that fits the system's
functionality is imperative.

P=IV, (1)
2n-N

P=m-g- 0’ 2)

where: P — electric power (W), I — current rating of motor
(A), V — voltage rating of the system (V), m — mass to be

driven by the wheel (kg), g — acceleration due to gravity
(approximately 10 m/s?), N — speed of the motor (rpm).
The weight of the motor can calculate by Eq. (3).
_60-P _60-1-V
2n-N 2n-N

W=mg 3)

Considering the specification of the motor: V=12V, /=
5Aand N=75 rpm.
Substituting into the Eq. (3),

_80-125 gy
2775

Since two motors are considered, the total weight will be
16 kg, up to the required rating.
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2.5.2 Power Calculation

The power consumption of each component (shown in
Tab. 1) was calculated using the power formula to determine
if the battery choice would be able to power all the selected
components.

Table 1 Power consumption.

Component Voltage (V) | Maximum Current (A) | Power (W)
Motor (2 units) 9 2 36
Pump 12 0.3 3.6
ESP 32 module 3.5 0.21 0.735
Relay (3 units) 3.5 0.02 0.21
Buzzer 3.5 0.02 0.07
LCD screen 3.5 0.02 0.07
TOTAL 40.685

The total power supplied by the battery is 90 W. Hence,
the battery is sufficient to power the system.

3 TESTING AND RESULT

The completed setup (as shown in Fig. 11) was put to test
to determine if the aims of the research was achieved. The
mobile application connection, charging via the photovoltaic
cell, the vehicle motion and the spraying action were all
tested.

Figure 11 Research Prototype

3.1 Mobile Application Connection

The following steps are taken to connect the mobile
application to the robot after installing on the mobile device:
1) Use Bluetooth to pair to the ESP 32 module named

"ESP32test".

2) Open the mobile application and select the "Connect
device" button.

3) Navigate through the available devices option and select
"ESP32test".

4) The ESP32 module will immediately connect to the
application and the connection status on the mobile
application will be changed to "connected".

5) The buttons on the mobile application can be clicked to
navigate the robot in any direction as required. The "start
pump" and "stop pump" buttons are used to control the
spraying action of the herbicide.

The function of each button implemented on the mobile
application is shown in Tab. 2 below.

Table 2 Table showing the functions of the buttons present on the mobile

application
S/N Button Function
When clicked, this actuates the motors to move
1 Forward arrow
forward.
When clicked, this causes the motors to move
2 Reverse arrow
backwards.
When clicked, this causes the motors to move
3 Left arrow
to the left.
. When clicked, this causes the motors to move
4 Right arrow .
to the right.
5 Sto When clicked, this stops the motors bringing
P the vehicle to a halt.
When clicked, this actuates the pump to spray
6 | StartPump the herbicide
7 Stop Pump When clicked, this _turns off the pump and
spraying stops.

3.2 Photovoltaic Cell Charge Testing

The power rating of the selected solar panel is 8 W. The
voltage output collected at 11:26 GMT under a temperature
of 28°C was 16.72V. This was collected by connecting a
voltmeter to measure the result. This voltage was sufficient
enough to charge the battery. The effectiveness of a solar
panel depends on various factors, including its orientation,
angle, sunlight exposure, temperature, shading, and the
electrical load it's connected to [14]. The performance ratio
of the photovoltaic cell is proportional to the incoming
radiation on the surface which also corresponds to the
quantity of electricity it supplies [23]. The charging rate of
the photovoltaic cell will vary under different environmental
conditions. Tab. 3 below shows the relationship between the
sunlight intensity and current. Figs. 12 and 13 show the graph
of light intensity against average power output supplied by
the photovoltaic cell.

Table 3 Table showing the relationship between the light intensity and current
supplied by the solar cell

Light Intensity (W/m?) Charging Current (A)
200 0.13
400 0.27
600 0.40
800 0.53
1000 0.67

Approx. Power Output (W) vs. Light Intensity (W/m?)
@ Approx. Power Qutput (W) == Trendline for Approx. Power Output (W) R* = 0.96
10

2

Approx. Power Qutput (W)

iy
"90
6‘00

] k)
& A=)
$ S

Light Intensity (Wim?)
Figure 12 Graph showing the light intensity vs approximate power output
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3.3 Spraying Test

The sprayer was implemented with three nozzles to spray
a larger cross-section area during the spraying action. The
effective flow rate of the pump is 1 L/min. Hence, the flow
rate at each nozzle will be 1/3 L/min. The spraying action is
immediately activated at the tap of the "start pump" button
and it is deactivated at the tap of the "stop pump" button.

3.4 Motion Test

The vehicle's motion was tested on different terrain to
observe its speed. The tests were carried out on three
different terrains which are: smooth surface floor, rough
surface and a low growing lawn. Each surface exhibits
distinct properties that can affect the motion of an object,
including factors like friction, resistance, and texture. The
objective of comparing these different conditions was to
analyze how surface characteristics influence the object's
speed, travel distance, and overall dynamics of motion. Tab,
4 below shows the time taken to cover similar distance on
each surface and Fig. 13 shows a bar chart of the time taken
on the different test terrain for the same area.

Table 4 Table showing the time taken to cover an area of 3m?2 on different terrain.

S/N Terrain Area (m?) Time (s)
1 | Smooth surface Floor 3.0 5.1
2 | Rough Surface 3.0 7.3
3 | Low Growing Lawn 3.0 13.3

Graph of time(s) against terrain

Time(s)

Smooth surface Floor

Rough Surface

Low Growing Lawn

Terrain
Figure 13 Bar chart showing the time taken to cover the same area on different
terrains

4 CONCLUSION AND RECOMMENDATION

A comprehensive assessment of all system functions was
performed to validate their alignment with the research's
defined goals and objectives. The mobile application, created
through the MIT Inventor online platform, effectively
interfaced with the robot via a Bluetooth module connected
to the ESP 32. This configuration was instrumental in
navigating the research course and controlling the pump that
facilitated the transfer of herbicide to the nozzles for the
purpose of weed elimination in agricultural fields. To
augment the system's functionality, several
recommendations can be considered:

e Integrating Wi-Fi alongside Bluetooth to enhance
connectivity in environments prone to interference.

e Utilizing computer vision for accurate navigation, which
would enable real-time trajectory modifications for
optimal coverage.
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