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Classification of Children with Autism using
Deep Learning Image Analysis
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ABSTRACT - Currently, the diagnosis of autism in children still relies on behavioral observation
and psychological tests, which may have limitations in terms of accuracy and speed. This research
therefore applies machine learning techniques, especially convolutional neural networks (CNN)
with the ResNet50 model, to analyze and classify drawings of children with and without autism.
This helps to quickly screen for autism and reduce the impact of personal perspectives. This study
will divide the samples into age groups of 5-8 and 9-12 years old, and the results were evaluated
with Accuracy, Recall, Specificity, F1-Score, and Confusion Matrix. The experimental results
showed that the model could classify drawings accurately, with an Accuracy of 81.9% and 89.5%,
and an F1-Score of 0.83 and 0.91 for the 5-8 and 9-12 age groups, respectively. After using Data
Augmentation, the accuracy increased to 87.7% and 91.1%, with an F1-Score of 0.89 and 0.93.
However, the research still has limitations in terms of the size and variety of data, which should
be expanded in the future to increase the accuracy of the model.

KEY WORDS -- Deep Learning, Convolutional Neural Networks, Autism, Drawing Analysis,
Machine Learning, ResNet50
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ABSTRACT - To address the problem of insufficient data for event analysis and simulation,
especially in the Al era, data synthesization with accuracy and reliability is the solution. Data
synthesization is the process of creating new data that mimics statistic of real data to increasing the
amount of data available for further analysis and simulation. However, the existing methods like
Generative Adversarial Networks (GANs) and Variational Autoencoders (VAEs) often struggle
with categorical data. This research, therefore, presents data synthesis using Monte Carlo
Simulation and compares with (GANs) and (VAESs). Seven datasets were used to synthesize 1,500
rows each then compared between real data and data synthesization using 1) The Kolmogorov-
Smirnov Two-Sample Test, 2) T-test, 3) Cosine Similarity Test, 4) Multiple Linear Regression
Analysis, and 5) direct data comparison. The results show that the Monte Carlo Simulation is highly
effective in synthesizing data with numerous categorical variables, accurately simulating data
distribution and means. The Monte Carlo simulation was 60.47% more efficient than GANs and
52.41% more efficient than VAEs. However, the Monte Carlo is not suitable for synthesizing data
when there are many continuous variables or when the data distribution is not normal, as the
synthetic data is generated from a normal distribution.

KEY WORDS -- Data Synthesization, Generative Adversarial Networks, Variational
Autoencoders, Monte Carlo Simulation

through an encoder and reconstructing the data
dimensions through a decoder.

However, these methods still have problems
with inappropriateness for some variables, for
example, being suitable for numeric variables but
not for categorical variables, or being suitable for
categorical variables but not for numeric variables.
From the above problems, this research focuses on
creating synthetic data using Monte Carlo
Simulation method which uses random sampling
from the distribution of real data to create a new
data set of numerical variables with statistical
properties close to the real data and uses the
principle of Low of Change to create a new data set
of categorical variables with a probability value of
occurrence close to the real data.

1. Introduction

Data analysis using insufficient data can lead to
various problems such as accuracy or reliability.
Since the sample size cannot cover the entire
population which will become a cause of data
volatility, results might be biased towards one
demographic group and risk of inaccurate decision-
making due to difficulty in assessing potential risks
which can be harmful to the organization and
wasted time in analysis and produces results that
cannot help in making the desired decisions. One of
the solutions to the problem of insufficient data for
analysis is using data synthetization which is very
useful in case of insufficient data for analysis and it
can avoid the risk of using real data containing
personal information and save time and cost on

collecting new data.

Currently, there are popular methods for data
synthetization, such as Generative Adversarial
Networks (GANs), which uses deep learning that
focus on synthesizing data to closely resemble real
data, or Variational Autoencoders (VAEs), which
use the principle of dimensionality reduction

2. Data Synthesization

Data synthesization is the method to create a
new data. The concept for synthetization is for
emulating statistically based on real data but
without real data in result. The benefits of using
data synthetization is reducing the risk of privacy



violations from using real data containing personal
information, It can be customized in case of need
different data set to cover situations that may not be
found in real data and can reduce the cost and time
of data collection. [1]

Currently, there are popular methods for data
synthesization, such as Generative Adversarial
Networks (GANs), which are a form of deep
learning that focuses on synthesizing data to closely
resemble real data, and Variational Autoencoders
(VAESs), which use the principle of dimensionality
reduction through an encoder and reverse the
dimensionality transformation using a decoder.
However, these methods may encounter issues with
the generated data lacking diversity, being
unsuitable for certain variables, and having
statistical properties that do not closely match real
data. This chapter will discuss the theories related
to data synthesization using Generative Adversarial
Networks, Variational Autoencoders (VAEs), and
Monte Carlo Simulation methods, performance
testing between real data and data synthesization,
and related research.

Data Synthesization can be divided into 3

types:

1) Fully synthetic data. The synthetic data does
not contain any real data.

2) Partially synthetic. The data from this
synthesization contains both real and synthetic data.

3) Hybrid synthetic data. The data from this
synthesization combines both real data and
synthetic data. [2]

2.1 Data Synthesization Method

2.1.1 Generative Adversarial Networks (GANs)
[3] are developed for data synthesization to be as
realistic as possible. It uses a learning technique
with a model consisting of two deep neural
networks: 1) The generative model creates-new data
so that the discriminator model can detect whether
the generated data is real or generated data. 2) The
discriminator model which determines whether the
samples coming from the generative model are real
data or generated data.

Conditional Tabular Generative Adversarial
Network (CTGAN) [4] is a method for generating
synthetic tabular data based on GANs, with a key
development principle being the use of non-
Gaussian distributions.

2.1.2 Monte Carlo Simulation [5] is a synthesis
method developed as a guideline for decision-
making in problems that cannot be easily modeled
or involve complex parameters. This method uses
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mathematical equations based on the principle
known as the "Law of Chance".

2.1.3 Variational Autoencoders (VAEs) are a
type of neural network that consists of two
components: 1) Encoder, which creates encodings
from data samples, and then this variable is fed into
the generative network (Decoder). 2) Decoder
network, which attempts to reconstruct the original
data from the information encoded by the encoder
network.

The Gaussian Variational Autoencoder (GVAE)
[6] is based on the Variational Autoencoders
(VAESs) and uses the Gaussian distribution equation
derived from the distribution modeled by the
Decoder network, allowing the basic distribution to
be approximated.

2.2 Usable Synthetic Data

To assess whether synthetic data can be useful,
this research employs various statistical testing
methods [7] as listed in the below to evaluate the
usable of synthetic data.

2.2.1 The Kolmogorov-Smirnov test is a test to
determine whether two independent groups of real
and synthetic data come from the same distribution.

2.2.2 The T-test is a test to compare the means
of two independent sample data sets, with the
preliminary agreement that the scores collected
from both groups must be independent of each
other.

2.2.3 Pearson's correlation is a test to find the
correlation between datasets, used to explore
whether two datasets are related or not.

2.2.4 Cosine Similarity Test is an examination
of the similarity between two datasets using two
vectors. It measures the size of the angle formed
between the two vectors in an n-dimensional space,
disregarding the length of the vectors and
determining whether the two vectors point in the
same direction.

2.2.5 Regression Analysis [8] is a statistical test
for checking correlation between two or more
variables, by dividing variable into independent
variable and dependent variable then do a
prediction equation.

2.3 Related Researches

Lei Xu and Kalyan Veeramachaneni [9] studied
how to synthesis of tabular data using Generative
Adversarial Networks. The researchers developed a
model for data synthesization, focusing on creating
tabular data with mixed variable types, meaning
multiple variables with both continuous and
discrete distributions. They compared the synthetic
data obtained from the Generative Adversarial



Networks model in tabular form or used Macro-
F1 to evaluate the model's performance in
classifying data within each data group. The
experiments found that Generative Adversarial
Networks  could effectively capture  the
relationships between variables and could be used
with large datasets. However, they could only
simulate data in numerical form.

Bauke Brenninkmeijer [4] conducted a study on
modeling and developing tabular data using
Generative Adversarial Networks with the aim of
increasing the diversity of relationships among
variables simulated from the Generative adversarial
training for synthesizing tabular data (TGAN)
model and to improve data synthesization methods
using techniques such as TGAN (Generative
adversarial training for synthesizing tabular data),
WGAN-GP (Wasserstein  GAN + Gradient
Penalty), TGAN-SKIP, MedGAN, and TableGAN.
From this research, it was found that the WGAN-
GP model had the highest efficiency in data
synthesization when compared to the three datasets.

Mathijs van Bree [6] conducted a study on
data  synthesization wusing the Variational
Autoencoder (VAEs) method to test data
synthesization and compare the suitability of
variable types between categorical and continuous
variables. The datasets used in this study consist of
three sets, testing whether the synthetic data can
replace the real data. The test models used for
comparison are 7 models: 1. GVAE 2. ST-VAE 3.
TGAN 4. WGAN 5. SKIP 6. MedGAN 7.
TableGAN found that the dataset contains many
categorical variables, making it unsuitable for using
the Variational Autoencoder (VAEs) technique for
data synthesization.

Kantana Loasirikul [5] studied the
effectiveness of methods for handling imbalanced
data for classification under different conditions,
with the scope of the research being to examine the
effectiveness of classifying educational data under
imbalanced conditions. The data used in this study
was synthetic using the Monte Carlo simulation
method, with 8 independent variables, each
following a normal distribution. The data was
synthetic under 6 different conditions. From the
experimental results, it was found that the data
balancing method has a two-way interaction with
the following conditions. (1) Sample size (2)
Percentage of data between primary group data and
secondary group data (3) Attrition rate and (4) data
classification techniques, and found a three-way
interaction with the following conditions (1)
Sample size and the number of variables between
categorical variables and continuous variables (2)
Sample size and data classification techniques, and
(3) Percentage of data between primary group data
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and secondary group data,
classification techniques.

Leonardo Locowic et al. [10] conducted a
study on data synthesization using the Monte Carlo
Tree Search (MCTS) method and Large Language
Models (LLMs). The researchers employed the data
generation process from LLMs using temperature
scaling and top-k sampling techniques to enhance
the diversity of the generated data. Subsequently,
they used Monte Carlo Tree Search to simulate
evaluation outcomes, assessing the results using
Kullback-Leibler Divergence (KL Divergence) and
Jensen-Shannon Divergence (JS Divergence). The
experiments revealed that the data synthesization
method combining MCTS with LLMs can produce
high-quality and realistic data synthesization,
making it a good alternative for generating large-
scale data synthesization.

Muhammad Nur Agmal Khatiman et al.
[11] conducted a study on the generation of
synthetic data of 5G network performance metrics
using Conditional Tabular Generative Adversarial
Networks (CTGAN) and Topological Variational
Autoencoder (TVAE) are trained and synthetic data
is generated via the Synthetic Data Vault (SDV)
module, a library for synthetic data generation in
Python. From the experimental results, CTGAN
gives data distribution values closer to the real data
in some columns, while TVAE gives better overall
results with a statistical similarity score of 94.14%
compared to CTGAN's 89.66%.

Thi Thi Zin et al. [12] conducted a study
on the generation of synthetic data of cow posture
changes is helpful for reliability evaluation of
indicators to predict when the calving event occurs
using Markov Chain Monte Carlo (MCMC) to
support the prediction of delivery time and reduce
the burden of collecting real data which requires a
lot of time and resources. The researchers limit the
behavior patterns of a pregnant cow into four
categories such as Lying State (L), Motion from
Lying to Standing state (LS), Standing State (S) and
Motion of Standing to Lying State (SL). Real data
from 25 dairy cows were collected from the farm
and used to construct a co-occurrence matrix and a
transition matrix of their behaviors. Using these
matrices, Monte Carlo Simulation was then applied
to generate synthetic behavior sequences by
randomly selecting each subsequent behavior based
on the transition probabilities. Finally, it was found
that synthesization data could be used to replace
some of the real data to predict delivery time.

and (4) Data

3. Methodology

3.1 Dataset



The datasets used in this study are listed as below:
3.1.1 The Delaware Births dataset [13]
3.1.2 Heart Rate Forecasting dataset [14]
3.1.3 Stock Market Data of USA dataset [15]
3.1.4 The Adult Census Income dataset [16]
3.1.5 The Car Evaluation dataset [17]
3.1.6 NIFTY-50 Stock Market (2000 - 2021)
dataset [18]
3.1.7 Employee/HR (All in One) dataset [19]

3.2 Data Preparation

Data preparation is a step to make real data
ready to synthesize new data. The process is as
follows:

- to remove missing values

- to remove columns that cannot be synthetized

- to remove rows with abnormal values

- to randomly select data for 1500 rows

- to test the random data to see if the original
data distribution and the original mean are equal to
the random data using the Kolmogorov—Smirnov
test and the T-test. If the original data distribution
and the original mean are not equal to the random
data, continue randomizing until the test results
show that the data has the same distribution and
same mean.
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3.3 Data Synthesization

The procedures of data synthesization for
various methods can be listed as follows:

3.3.1. Data synthesization using Monte Carlo
Simulation as shown in Figure 1 and

3.3.2. Data synthesization using CTGAN and
Variational Autoencoders (VAEs) as shown in
Figure 2.

It can be noted that Monte Carlo Simulation
method is more complex than the other methods
because each type of variable has its own operation.

3.4 Performance Evaluation

Performance evaluation is a step to assess how
well the synthetic data reflects the real data. The
process is as follows:

3.4.1. Data Preparation Steps

Step 1. Convert categorical variables into
numerical format using Label Encoding.

Step 2. Convert character-related variables
into numerical format wusing Sentence
Transformer.

Step 3. Arrange the columns between real
and synthetic data to match.

(Real dataHPreparation Data)—{Randomly select a dataset for 1500 rows)

1

Continuous numerical variables
Calculate the mean, standard
deviation, and correlation each

matrix.

Categorical variable
Calculate the ratio of the frequency of

variable to the total number of variables.

Text variable
Using Faker python function

Randomly generate numbers from random numbers
ranging
from 0 to 1 with 2 decimal places, 1500n times.
When n is the number of all continuous numerical variables.

Define the relationship

according items
to the correlation matrix using When a is the number of all categorical
the variables.

Randomly from a probability of 1500a

Cholesky matrix.
|
[ Set the standard deviation )

Create a synthetic dataset with 1,500

: —

[ Set the average

Data Synthesization

random records using Python’s Faker
library. Each column represents a

different text variable

Figure 1 The process of data synthesization using Monte Carlo Simulation
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Figure 2 The process of data synthesization using CTGAN and VAEs

Table 1 the total number of variables obtained from data synthesization.

Dataset name Total Numbe.r of Numbgr of Number of
number of categorical numerical character-related
variables variables variables variables

Delaware Births [13] 16 16 0 0
Heart Rate Forecasting [14] 32 1 31 0
Stock Market Data of USA [15] 7 1 6 0
Adult Census Income [16] 15 9 6 0
Car Evaluation [17] 7 7 0 0
NIFTY-50 Stock Market [18] 14 2 12 0
Employee/HR [19] 17 3 2 12
Total 108 39 57 12

3.4.2. Test the specified statistics using
testing methods as follows:

- Kolmogorov-Smirnov Two-
Sample test is used to determine whether real and
synthetic data have the same distribution,

- T-test is used to test whether the
means obtained from real and synthetic data are
same,

- Similarity Score test is used to
measure the similarity between real and synthetic
data, and

- Regression analysis is used to
predict the value of the dependent variable when the
values of the independent variables are specified.

Table 1 shows the total number of variables that
can be used in data synthesization by comparing the
result of the Kolmogorov-Smirnov two-sample test
and the T-test

4. Experimental Results

4.1 The Kolmogorov-Smirnov test

From the Figure 3, the results found that the
Monte Carlo technique was the most effective to

accurately synthesize categorical variable and
character-related data because It is able to simulate
the distribution of data for 38 out of 39 variables
while it can simulate the character-related data for
8 out of 12 variables. However, data synthesization
for numerical variables of all three techniques did
not perform well, with CTGAN, Monte Carlo, and
VAEs being able to simulate 13, 3, and 9 variables,
respectively, out of a total of 57 variables.

4.2 The T-test

From the Figure 4, it was found that the data
synthesization of categorical variables using the
Monte Carlo technique is more efficient. In additon,
it can accurately simulate the mean for 38 variables
out of 39 variables. Character-related variables
were able to simulate the mean for 8 out of 12,
meaning it can accurately simulate the mean of the
data for datasets with many categorical variables
due to the data generation method based on
probability principles for random data. The data
synthesization of numerical variables using the
CTGAN technique was more efficient, accurately



simulating the mean of the data for 54 variables,
next is the synthesis using the VAEs technique,
which can accurately simulate the mean of the data
for 46 variables out of 57 variables.

Kolmogorov-Smirnov test

Employee/HR
Dataset

—
NIFTY-50 Stock F
Car Evaluation F
M come |
Stock Market L
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Heart Rate
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Figure 3 Results of the Kolmogorov-Smirnov test
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Figure 4 Results of the T-test

4.3 The Similarity Score

The analysis from the Table 2 found that all three
techniques can synthesize well in cases where the
dataset includes numerical variables. However, the
data synthesize using the VAEs technique had a
Similarity Score of 0.5248 for the STOCK
MARKET DATA OF USA dataset because it could
not synthesize data with high value, e.g.,
1.394626e+09. The data synthesization using the
GAN:Ss technique has a Similarity Score of 0.4413
for the NIFTY-50 Stock Market Data (2000 - 2021)
dataset due to its complex numerical relationships.
All three data synthesization techniques have
different Similarity Scores for the Car Evaluation
dataset because it consists entirely of categorical
numerical data. The average Similarity Score of the
Monte Carlo method is the highest at 0.9296,
indicating the consistency of the synthetic data.

4.4 The Regression Analysis

From the results as shown in Table 3, it can be
found that data synthesization using the Monte
Carlo technique is highly effective and mostly close
to the Adj. R-squared values. The differences from
the four datasets—Stock Market Data of the USA,
Adult Census Income, NIFTY-50 Stock Market
Data and Employee/HR Dataset were the smallest
compared to other synthesis techniques. However,
the Delaware Births dataset still show substantially
lower than those of the real data, dropping from
0.718 to 0.000. This indicates that while Monte
Carlo outperforms other methods in this specific
metric, it still lacks the ability to fully replicate
complex statistical relationships.

4.5 The comparison between real data
and synthetic data

Table 4 shows the number of identical rows
between real and synthetic data. The Monte Carlo
technique is most effective. The GAN technique has
duplicates in two datasets: Delaware Births and Car
Evaluation. The dataset with the most duplicates
among the three synthesis techniques is Car
Evaluation, which is a dataset with all categorical
variables. Therefore, it exceeds the number of



duplicates because the number of categorical data is
less than using numerical randomization.

Table 2 The Similarity Score
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Dataset Name Simulation method
GANs Monte Carlo VAEs
Delaware Births [13] 0.9998 0.9999 0.9999
Heart Rate Forecasting [14] 0.8357 0.8567 0.9872
Stock Market Data of USA [15] 0.8627 0.9970 0.5248
Adult Census Income [16] 0.8441 0.9279 0.9983
Car Evaluation [17] 0.6613 0.7302 0.7561
NIFTY-50 Stock Market [18] 0.4413 0.9999 0.9999
Employee/HR [19] 0.9999 0.9960 0.9999
Table 3 The ADJ. R-SQUARED value from the regression analysis
Dataset name Adj R -Squared GANs Monte Carlo VAEs
from real data
Delaware Births [13] 0.718 0.000 -0.000 0.005
Heart Rate Forecasting [14] 0.190 0.016 0.024 0.279
Stock Market Data of USA [15] 0.121 0.002 0.077 0.070
Adult Census Income [16] 0.093 0.006 0.046 0.155
Car Evaluation [17] 0.107 -0.000 -0.001 0.324
NIFTY-50 Stock Market [18] 0.437 -0.586 0.485 0.259
Employee/HR [19] 0.011 0.033 0.012 0.088
Table 4 The number of rows that are the same between real data and data synthesization.
Dataset name The same amount
GANs Monte Carlo VAEs
Delaware Births [13] 17 0 0
Heart Rate Forecasting [14] 0 0 0
Stock Market Data of USA [15] 0 0 0
Adult Census Income [16] 0 0 0
Car Evaluation [17] 484 706 1143
NIFTY-50 Stock Market [18] 0 0 0

5. Conclusion

Three data synthesization techniques were
identified: GANs, Monte Carlo technique and
VAEs. The comparison in terms of Kolmogorov-
Smirnov test, T-test, Regression Analysis, means,
similarity score, and the number of duplicates are
applied. The results found that data synthesization
using the Monte Carlo method performed well in
scenarios where the number of categorical variables
is more than the number of continuous variables but
comparison of correlation coefficients found that
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data synthesization using the Monte Carlo method
is not suitable for applications where predictive
modeling or inferential analysis is essential. This is
because the Monte Carlo method uses the law of
large numbers, making the random sampling of
categorical variables more realistic than other data
synthesization methods. However, it is not suitable
for synthesizing data when data contain many
continuous variables or when the data distribution
is not normal, as the synthetic data is generated
from a normal distribution.



From the directly comparison of real and
synthetic data to determine whether the data
synthesization can conceal personal information,
the datasets used include the Heart Rate Forecasting
dataset, the Delaware Births dataset, and the Adult
dataset. The data synthesization generated using the
Monte Carlo method and VAEs performed the best,
with no duplicate data found between the real data
and data synthesization.

Data synthesization using the Monte Carlo
simulation technique is the most efficient,
especially for categorical variables. The Monte
Carlo simulation technique can be done quickly as
it does not require the model to learn all the
previous data first. The Monte carlo simulation can
manually adjust the parameters to introduce greater
diversity in the data, ensuring alignment with
specific data characteristics and analytical
requirements. Moreover, under privacy constraints,
the Monte Carlo simulation technique can still
generate data synthesization without retaining any
real data while maintaining the statistical properties
of the data.
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ABSTRACT — High-speed optical transceivers require robust failure analysis methods to ensure
production reliability in modern communication systems. This study systematically evaluates machine
learning algorithms (Random Forest, XGBoost) and deep learning approaches (specifically Fully
Connected Neural Networks) for optical transceiver failure analysis across two operational scenarios
using real manufacturing data from 6,446 units. In a comprehensive data analysis (Scenario #1), both
Random Forest and XGBoost achieved exceptional performance (MSE: 0.0000, MAE: 0.0001), while
FCNN demonstrated comparable results (Loss: 0.0002, MAE: 0.0002). In a focused analysis of failed
units (Scenario #2), XGBoost outperformed other models with the lowest error metrics (MSE: 0.0091,
MAE: 0.0165) compared to Random Forest (MSE: 0.0125, MAE: 0.0399) and FCNN (Loss: 0.1571,
MAE: 0.2987). SHAP analysis consistently identified influential features across both scenarios,
providing actionable insights for quality control optimization. These findings establish a quantitative
framework for selecting optimal Al approaches for optical transceiver failure analysis. The results
suggested that machine learning models were preferable for datasets smaller than 10,000 samples,
whereas deep learning approaches showed superior potential for larger-scale data. The proposed
methodology advances Al-driven failure diagnostics in optical transceiver manufacturing.

KEY WORDS -- Optical Transceiver; Production; Machine Learning (ML); Deep Learning
(DL); SHAP; Failure Analysis (FA); Artificial Intelligence (AI)

challenges. However, the literature reveals a
fragmented landscape where different Al
approaches have been applied in isolation, without

1. Introduction
The evolution of optical transceivers from 100G
to 800G and beyond has introduced unprecedented

complexity in failure mechanisms. Traditional
failure analysis approaches, primarily based on
statistical ~correlation methods, have proven
inadequate for handling the multi-dimensional
parameter spaces inherent in modern high-speed
transceivers. The integration of PAM4 modulation
schemes enables higher data rates. However, this
advancement simultaneously increases sensitivity
to various operational parameters, making failure
prediction and root cause analysis significantly
more challenging.

Recent advances in artificial intelligence
have opened new possibilities for addressing these
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systematic comparison of their effectiveness across
different scenarios and dataset characteristics. This
gap is particularly evident in the optical transceiver
manufacturing  domain, where  production
environments demand both accuracy and
computational efficiency.

Al-driven technologies are transforming
industries by providing advanced tools for analysis
and visualization [1]. In modern communication
networks and data centers, high-speed optical
transceivers operating at 400G, 800G, and 1.6T are
essential for efficient, low-latency data
transmission [2-4]. These devices leverage PAM4
modulation to achieve high data rates [5, 6] but are



increasingly challenged by complex failure
mechanisms  that can compromise their
performance and reliability [7, 8]. Failure analysis
(FA) is thus essential for ensuring that transceivers
meet stringent quality standards, especially in
manufacturing environments where early defect
detection and resolution are critical.

In optical transceiver production, failures
detected during later operations, such as
transmission bit error rate (TransBER) testing, are
often rooted in issues originating from previous
stages, such as eye diagram pattern parameter
measurements [9, 10]. Parameters such as Optical
Modulation Amplitude (OMA), Extinction Ratio
(ER), Transmitter and Dispersion Eye Closure
Quaternary (TDECQ), and Channel Sensitivity
(Csen) are crucial indicators of signal quality during
initial operations [11]. Identifying correlations
between these parameters and TransBER failures is
key to tracing the root causes of defects and
optimizing the production process [12]. This
traceability is especially important for addressing
the challenges posed by high-speed data rates and
complex modulation schemes [13].

Despite advances in optical transceiver
testing, there remains a significant gap in
quantitative frameworks that compare the
effectiveness of different Al approaches for failure
analysis [14]. Previous studies have typically
focused on either machine learning or deep learning
in isolation, without providing clear guidelines for
selecting optimal methods based on dataset
characteristics [15].

This study presents a comprehensive framework
for failure analysis in optical transceivers,
systematically comparing machine learning and
deep learning techniques with advanced
interpretability analysis. The framework employs a
multi-methodology approach that addresses the
critical need for systematic comparison of Al
approaches specifically tailored to manufacturing
environments where computational efficiency,
interpretability, = and  real-time  processing
capabilities are essential requirements.

Our methodology begins with rigorous data
preprocessing and quality validation to ensure that
the analyzed failures represent genuine functional
issues rather than external factors. Subsequently,
machine learning models such as Random Forest
(RF) and XGBoost are utilized to evaluate complex
parameter relationships and predict failure
outcomes [18]. These models are specifically
selected for their interpretability, computational
efficiency, and robust performance on tabular

25

JIST Journal of Information Science and Technology
Volume 15, NO 2 | JUL — DEC 2025 | 24-36

manufacturing data, addressing the unique
requirements of production environments where
decision transparency is essential for quality control
applications.

Random Forest provides ensemble robustness
against measurement noise  inherent in
manufacturing data. It offers automatic feature
importance ranking that enables systematic
parameter prioritization. XGBoost complements
this approach with gradient boosting optimization
that excels with structured tabular data,
incorporating built-in regularization to prevent
overfitting with limited failure samples typical in

manufacturing scenarios where failure rates
typically remain below 5%.
Complementing these machine learning

methods, a deep learning model employing Fully
Connected Neural Networks (FCNN) with 3 hidden
layers (128, 64, 32 neurons) using ReLU activation
and Adam optimizer is implemented to capture the
nonlinear and high-dimensional interactions that
may underlie complex failure mechanisms [19-22].
The FCNN architecture is specifically chosen for its
suitability to tabular manufacturing parameter data,
avoiding the spatial and temporal assumptions
inherent in  convolutional and  recurrent
architectures that are inappropriate for the discrete
parameter measurements characteristic of optical
transceiver testing.

The predictive performance of each model is
rigorously evaluated using comprehensive metrics
including mean squared error (MSE) and mean
absolute error (MAE), ensuring suitability for
failure diagnostics in manufacturing contexts [21].
Cross-validation protocols with multiple random
seeds provide statistical robustness, while
significance testing enables objective comparison
of performance differences between
methodologies.

To enhance interpretability and ensure practical
applicability for manufacturing quality control,
SHAP (SHapley Additive exPlanations) analysis is
systematically applied across all Al models [23].
This approach provides detailed understanding of
individual parameter contributions to prediction
outcomes, enabling identification of the most
influential features affecting transceiver
performance. Unlike traditional statistical methods
that assume linear relationships, SHAP analysis
captures nonlinear parameter contributions and
complex feature interactions essential for modern
optical transceiver analysis.

The SHAP-based interpretability framework
offers several critical advantages for manufacturing



applications. Global feature importance analysis
identifies consistently influential parameters across
the entire dataset, enabling systematic prioritization
for quality control monitoring. Local explanation
capabilities provide insights into individual
prediction  decisions,  supporting  targeted
troubleshooting and process optimization efforts.
Feature interaction analysis reveals complex
parameter relationships that traditional correlation
methods cannot reliably detect, enabling more
sophisticated quality control strategies that address
the multidimensional nature of modern optical
transceiver failures.

By combining statistical visualization, machine
learning, deep learning techniques, and advanced
interpretability analysis, this study offers a holistic
and innovative approach to failure analysis in high-
speed optical transceivers [24, 25]. The findings
address the unique challenges posed by 400G and
800G transceivers, contributing to the development
of robust diagnostic frameworks and advancing the
state of the art in Al-driven failure diagnostics [26,
27]. Furthermore, this integrated methodology lays
the groundwork for improving reliability and
efficiency in high-speed optical transceiver
production [28].

The rest of the paper is organized as follows.
Section 2 reviews related work and literature.
Section 3 presents the methodology and
experimental setup. Section 4 discusses the
evaluation results. Section 5 provides discussion
and analysis. Section 6 concludes the paper with
future research directions

2. Literature Review

The increasing complexity of optical transceiver
systems has exposed limitations in traditional
failure analysis approaches, prompting a shift
toward Al-driven diagnostic methods. This section
reviews the evolution of failure analysis in optical
manufacturing, beginning with traditional statistical
methods and progressing through machine learning,
deep learning, and explainable Al. Emphasis is
placed on evaluating strengths, limitations, and
applicability = of each  approach  within
manufacturing contexts to identify current research
gaps and practical implementation challenges.

2.1. Traditional Failure Analysis
Methods

Traditional failure analysis in  optical
transceivers relies primarily on statistical
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correlation methods and rule-based approaches
[12]. These methods examine linear relationships
between parameters but struggle with complex,
multidimensional interactions characteristic of
modern high-speed systems.

2.1.1. Statistical Correlation Limitations

Abdelli et al. [12] demonstrated that
conventional correlation analysis achieves accuracy
rates below 65% in scenarios involving more than
five operational parameters. Their study highlighted
that Pearson correlation coefficients fail to capture
nonlinear interdependencies characterizing modern
optical transceiver systems.

Nyarko-Boateng et al. [13] evaluated 12,000
failure incidents across multiple configurations,
demonstrating that conventional approaches
achieve limited accuracy with mean absolute error
exceeding 40%. Their research revealed that
traditional methods struggle when dealing with
parameter spaces exceeding five dimensions,
common in modern transceivers where 10-15
critical parameters interact simultaneously.

2.1.2. Fundamental Limitations

The fundamental constraints include linear
relationship assumptions that miss complex PAM4-
based system interactions, limited predictive
capability providing only descriptive statistics,
manual interpretation requirements making real-
time implementation impractical, and poor
scalability with high-dimensional data.

2.2. Machine Learning
Systems

in Optical

Recent  research  demonstrates  machine
learning's effectiveness in optical network failure
management [14]. Wang et al. [14] provide a
comprehensive review highlighting superior
performance over traditional methods in complex
scenarios, while Musumeci [16] focuses
specifically on machine learning applications for
failure management frameworks in optical
networks. However, most studies focus on network-
level failures rather than component-level
manufacturing diagnostics.



2.2.1. Ensemble Methods Performance

Wang et al. [14] conducted meta-analysis of 15
studies  across  different optical network
configurations, showing Random Forest achieves
78-85% accuracy compared to traditional
correlation analysis (45-60% accuracy). In
manufacturing applications, Choong and Cheng [8]
demonstrated XGBoost achieving 89% prediction
accuracy versus 62% for traditional methods in
4,200 transceiver units.

2.2.2. Algorithm Selection Rationale

Random Forest Selection: Chosen for robustness
against measurement noise common in optical
manufacturing data, automatic feature importance
ranking enabling systematic parameter
prioritization, overfitting resistance crucial with
limited failure samples, and interpretability
essential for quality control applications.

XGBoost Selection: Selected for gradient
boosting optimization excellence with structured
tabular manufacturing data, built-in regularization
preventing overfitting with limited samples, native
missing value handling common in manufacturing
datasets, and computational efficiency suitable for
industrial implementation.

Behera et al. [18] compared multiple algorithms
across 8,000 scenarios, confirming Random Forest
(84% accuracy) and XGBoost (91% accuracy) as
optimal choices for manufacturing applications
requiring both performance and interpretability
Additionally, Kruse et al. [17] demonstrated
machine learning effectiveness in soft-failure
management using optical spectrum analysis,
achieving significant detection accuracy in
experimental validation.

2.3. Deep Learning Applications

Deep learning shows promise in optical
communication systems [19-22]. Krzyston et al.
[19] achieved 94% accuracy in pattern
classification using FCNN architecture. Li et al.
[22] demonstrated deep reinforcement learning
applications, though these primarily focus on
communication  optimization  rather  than
manufacturing failure analysis.
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2.3.1. FCNN Architecture Selection

FCNN  Selection Criteria: Manufacturing
parameter data is inherently tabular without spatial
or temporal dependencies, making FCNN more
appropriate than CNN or RNN architectures. FCNN
provides universal approximation capability for
complex nonlinear relationships while maintaining

compatibility =~ with SHAP  analysis  for
interpretability requirements.
2.3.2. Deep Learning Constraints

Current limitations include large dataset

requirements (>10,000 samples) often unavailable
in manufacturing failure scenarios where failure
rates typically remain below 5%, and significant
computational ~demands limiting real-time
implementation. Additionally, the black-box nature
of deep learning requires additional interpretability
tools for manufacturing applications where decision
transparency is essential.

2.4. Interpretability and Explainable Al

In high-stakes environments like manufacturing,
where decisions directly impact safety, compliance,
and operational efficiency, understanding the
reasoning behind Al-driven outcomes is crucial.
Explainable AI (XAI) techniques help demystify
complex models, making them more trustworthy
and actionable for human operators. While various
interpretability methods exist, such as Local
Interpretable Model-agnostic Explanations (LIME)
which focuses on local approximation [30], this
study primarily utilizes SHAP due to its consistent
feature attribution properties. This section explores
how SHAP and integrated statistical-Al approaches
enhance transparency and effectiveness in real-
world manufacturing contexts.

2.4.1 SHAP Analysis in Manufacturing

Sun et al. [23] demonstrated that SHAP-based
explanations improved operator confidence by 73%
compared to black-box approaches in optical
transport networks. Babbar et al. [24] achieved 86%
classification accuracy while providing
interpretable insights, emphasizing explainable Al
importance in manufacturing where decision
transparency is essential for regulatory compliance.



2.4.2 Integrated Approaches

Khan et al. [27] demonstrated that combining
traditional statistical preprocessing with machine
learning optimization achieves 15% performance
improvement over pure Al approaches, supporting
hybrid  methodologies  for = manufacturing
applications where traditional insights remain
valuable alongside Al predictive capabilities.

2.5. Research Gap Analysis

Current literature lacks systematic comparison
of traditional methods with AI approaches
specifically for optical transceiver manufacturing
failure analysis. Most studies evaluate single
methodologies without providing clear selection

criteria based on practical manufacturing
constraints.

2.5.1 Critical Gaps

Methodological Fragmentation: No

comprehensive comparison using identical datasets
and evaluation criteria for traditional, machine
learning, and deep learning approaches prevents
objective performance assessment.

Manufacturing Focus Mismatch: Research
predominantly addresses network-level
optimization = rather than  component-level
manufacturing diagnostics, limiting practical
applicability for transceiver manufacturers.

Implementation Guidance Absence: Limited
real-world validation and insufficient economic
analysis make it difficult for manufacturers to
justify  investment in advanced analytical
capabilities.

2.5.2. Study Positioning

This study addresses these gaps by providing the
first comprehensive framework systematically
comparing multiple Al-driven approaches using
real manufacturing data from 6,446 optical
transceiver units, establishing clear selection
criteria and practical implementation guidelines for
manufacturing environments.

3. Methodology

To understand the analysis framework, Fig. 1
illustrates the block diagram of the testing
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operations (OPN), comprising Testing Operation
Number 1 (OPN#1: Eye Pattern Test) and Testing
Operation Number 2 (OPN#2: Loopback Test), as
detailed in Section 3.2.

3.1 Data Description: The experimental dataset
consists of 6,446 units of 800G QSFP-DD (Quad
Small Form-factor Pluggable Double Density)
optical transceivers. The devices utilized EML
(Electro-absorption Modulated Laser) technology
with PAM4 modulation. All samples were newly
manufactured units collected from the production
line before the final quality assurance stage. The
data includes both pass and fail units to ensure a
balanced evaluation of the failure analysis models.

In this study, the models are designed as a
regression task to predict the continuous value of
TransBER (Transmission Bit Error Rate) based on
parametric measurements from OPN#1. By
predicting the exact TransBER value rather than a
simple binary classification, the framework
provides a more granular assessment of signal
quality degradation. Consequently, Mean Squared
Error (MSE) and Mean Absolute Error (MAE) are
utilized as the primary performance metrics.

3.2 Data Preprocessing: Testing OPN#1 focuses
on Eye Diagram/Eye Pattern measurements, with
testing parameters evaluated at three specific
temperatures: 15°C, 45°C, and 65°C. These
measurements are performed across 4 to 8
individual channels, depending on the transceiver
model topology, using PAM4 modulation with
bitrates of 50G and 100G [29]. The primary
objective is to analyze Transmission BER
(TransBER) failures in identified problematic units.

Testing OPN#2 is conducted under similar
environmental conditions with 8 channels under
test. The conditions include 15°C and 45°C at 25G
(NRZ), 15°C and 65°C at 50G (PAM4), and 15°C,
45°C, and 65°C at 100G (PAM4). This
comprehensive approach generates 56 rows of
testing data per Serial Number (SN) for units that
pass all conditions, ensuring robust data collection
for detailed failure analysis.
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Figure 1. The block diagram of the testing
operations

Prior to analysis, we establish criteria to exclude
irrelevant factors by ensuring that "4MIE"
conditions (Man, Machine, Method, Material, and
Environment) do not contribute to the observed
issues. This focus on purely functional failures
eliminates extraneous variables and allows for
targeted investigation of core problems.

Our comparative approach evaluates the
performance of machine learning models (Random
Forest and XGBoost) against deep learning
methods, specifically Fully Connected Neural
Networks (FCNN). Each model offers unique
strengths that make it suitable for different
analytical scenarios in optical transceiver failure
analysis.Random Forest provides ensemble
robustness against measurement noise inherent in
manufacturing data while offering automatic
feature importance ranking. The model is
configured with 100 estimators and maximum
depth of 10 to balance performance and
computational efficiency. XGBoost uses gradient
boosting optimization with 100 estimators, learning
rate of 0.1, and maximum depth of 6, making it
particularly effective for handling complex and
structured datasets.

To enhance interpretability of all Al models, SHAP
(SHapley Additive ExPlanations) analysis is
applied, providing detailed understanding of
individual parameter contributions to prediction
outcomes. SHAP analysis offers superior insights
compared to traditional correlation methods by
capturing nonlinear relationships and complex
feature interactions essential for manufacturing
quality control applications. The rationale for
comparing machine learning models, such as
Random Forest and XGBoost, with neural network
architectures like Fully Connected Neural
Networks (FCNN), lies in their complementary
strengths. Neural networks excel at capturing
complex patterns but often demand large datasets
and significant computational resources. In
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Intersection

Figure 2. Set operation between OPN#1 and OPN#2
datasets

contrast, Random Forest and XGBoost offer
reliable performance and interpretability without
requiring extensive resources, making them
practical and efficient alternatives.

These machine learning models are particularly
effective for tabular or medium-sized datasets,
delivering faster training times and robust results.
By balancing accuracy and efficiency, they provide
valuable alternatives in scenarios where deep
learning may not be the most practical choice.
Although Linear Regression offers simplicity and
clear insights into variable relationships for initial
exploratory analysis, it often underperforms when
handling datasets with numerous parameters or
complex relationships, where more advanced
models typically yield better results.

Furthermore, Random Forest and XGBoost
provide enhanced interpretability compared to deep
learning models. Both generate feature importance
metrics that identify parameters contributing most
significantly to predictions. While deep learning
models excel at capturing complex relationships,
their "black box" nature often limits transparency,
making result interpretation and key factor
identification challenging.

Incorporating these diverse models ensures
comprehensive dataset evaluation by balancing
interpretability with predictive performance. By
comparing results from Random Forest, XGBoost,
and deep learning approaches, we can determine
whether simpler models deliver comparable or
superior outcomes, particularly when
computational efficiency and implementation ease
are priorities. This balanced methodology leverages
each approach's strengths, creating a robust
framework for data analysis and informed decision-
making.



Tablel.OPN#1 Test parameters for TransBER
failure analysis.

Test Parameters
OER (dB)
DMI_TxLOP (dBm)
DMI RxPwr (dBm)
ICC (mA)

DMI _VTEC (V)
Csen(dBm)
CsenOMA (dBm)
OverloadBER
OOMA (dBm)
OOMA-TDECQ (dB)
TDECQ-Ceq
TDECQ (dB)

DMI ITEC (mA)

OPN#2

TransBER

Our analysis scenario focuses on identifying the
root causes of TransBER failures by tracing them
back to the OPN#1 testing parameters that have the
highest impact on failure outcomes. Ensuring that
the same Serial Numbers (SNs) exist in both
OPN#1 and OPN#2 is crucial for this analysis.
Using set theory, the intersection of SNs represents
units that are mapped across both operations. In
OPN#2, failure categories include TransBER, ICC,
and Rx Power, representing specific quality metrics
monitored during testing. Units can only advance to
OPN#2 after successfully passing all testing criteria
in OPN#1, establishing a sequential quality gate
structure.

In Scenario #1, the analysis incorporates both
failed SNs from OPN#2 and all intersecting SNs for
calculation and comparison. This approach yields a
larger dataset that allows us to distinguish between
two groups in OPN#1: the failed SN group and the
non-failed SN group. By expanding the dataset, this
method enables a more comprehensive analysis of
which parameters in OPN#1 contribute to failures,
systematically highlighting their impact.

In Scenario #2, the analysis focuses exclusively
on failed SNs from OPN#2, specifically
"TransBER" failures. While this approach provides
more targeted insights, it results in a smaller dataset,
particularly when the number of failure units is
limited. This narrower scope potentially affects the
statistical robustness of the analysis. Table 1 below
displays the OPN#1 test parameters used for
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predicting and analyzing the relationship with
TransBER failures.

We separate these scenarios based on their
different dataset sizes, enabling a more nuanced
evaluation and facilitating more robust conclusions.
The analysis employs Python 3.6 with TensorFlow
2.x, Pandas, NumPy, and Scikit-learn libraries,
Keras, and SHAP. Data preprocessing involves z-
score normalization, and 80/20 train-test split with
5-fold cross-validation. These tools facilitate the
processing and evaluation of the raw data, which
constitutes a large dataset that would be
unmanageable without structured computational
methodologies.

Data preprocessing constituted a critical
component using manufacturing data from 6,446
optical transceiver units collected over a one-month
period, involving multiple stages of data cleaning
and normalization. Raw data from both OPN#1 and
OPN#2 operations underwent rigorous quality
checks to identify and handle missing values,
outliers, and inconsistencies. We implemented a
standardized scaling approach using z-score
normalization to ensure all parameters contributed
equally to the model training process, regardless of
their original measurement scales.

4. Evaluation Results

Before presenting the evaluation results, it is
essential to provide an overview of the dataset
details in Table 2.

Table 2. Summary of Dataset Details

Category Count
Total Unique SN in OPN#1 6,446
Total Unique SN in OPN#2 3,291
SN Found in both of 2 operations 2,886
SN Not in OPN#2 (From OPN#1) 3,560
Failed SN at OPN#2 with Failure = 132
TransBER
Failed SN at OPN#2 mapped in 81
OPN#1
SN out of failed OPN#2 in 2,805

OPN#1(Found in both of 2 operations)



4.1 Machine Learning Performance Evaluation

For the analysis, we selected the Random Forest
and XGBoost algorithms due to their robustness in
handling complex, high-dimensional datasets.
These algorithms are highly effective at capturing
non-linear relationships between features and the
target variable, a critical capability for analyzing
intricate data structures. Moreover, both methods
provide feature importance rankings, offering
valuable insights into the relative contribution of
each parameter to the prediction outcome. This
approach is particularly useful for understanding
and quantifying the impact of diverse parameters on
the target variable across both scenarios. The
adaptability and scalability of these algorithms
make them ideal for a wide range of applications,
enabling the development of interpretable and
accurate models. By leveraging these advanced
machine learning techniques, our analysis provides
a comprehensive understanding of the underlying
dynamics, ensuring reliable and actionable results
to guide effective decision-making.

We implemented the Random Forest algorithm
and visualized the results using SHAP charts.
Outcomes for Scenario #1 and Scenario #2 are
presented in Figures 3 and 4, respectively.
Similarly, Figures 5 and 6 display the results for the
XGBoost algorithm. Table 3 summarizes the
performance metrics—Mean Squared Error (MSE)
and Mean Absolute Error (MAE) for both models
across the two scenarios.

Table 3. Feature point difference between Random
Forest vs XGBoost

Aspect Random XGBoost
Forest

Category Ensemble = Ensemble
(Bagging) | (Boosting)

Assumes No No

Linearity

Handles Good Excellent

Nonlinearity

Interpretability = Moderate Low

Overfitting Risk = Low (with | Moderate
enough (needs tuning)
trees)

Performance Robust and = High accuracy
versatile

Computation Moderate High

Cost
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Figure 5. XGBoost SHAP analysis Scenario#l



SHAP Summary: Scenario 2: Only Failed SNs
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Figure 6. XGBoost SHAP analysis Scenario#2

Table 4. MSE and MAE results for Random
Forest and XGBoost

Model Random Forest XGBoost
MSE MAE MSE MAE

Scen#1 | 0.0000 | 0.0001 = 0.0000 & 0.0001

Scen#2 | 0.0125 @ 0.0399 0.0091 @ 0.0165

Based on the SHAP summaries and performance
metrics in Table 4 (MSE and MAE), we can draw
the following key insights:

Model Accuracy Across Scenarios:

In Scenario #1, both Random Forest and XGBoost
demonstrate  exceptional performance  with
extremely low MSE (0.0000) and MAE (0.0001),
indicating near-perfect prediction. This likely
results from well-structured data or minimal
variance between features and the target variable.

In Scenario #2, XGBoost outperforms Random
Forest with lower error metrics (MSE: 0.0091,
MAE: 0.0165) compared to Random Forest (MSE:
0.0125, MAE: 0.0399). This suggests that XGBoost
more effectively handles the complexity and noise
present in the more focused analysis of failed units.

Feature Importance:

Figures 3 and 4 (Random Forest SHAP plots)
reveal that features such as TDECQ (dB),
DMI VTEC (V), and ICC (mA) consistently
demonstrate significant impact on the target
variable across both scenarios.

Figures 5 and 6 (XGBoost SHAP plots) confirm
similar trends, reinforcing the critical role of these
key features. However, XGBoost provides more
nuanced insights into feature impacts, particularly
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in Scenario #2, where the analysis focuses
exclusively on failed units.

Scenario-Specific Observations:

In Scenario #1, the SHAP charts indicate that
features related to signal quality (e.g., TDECQ
(dB), DMI_TxLOP (dBm)) and power consumption
(ICC (mA)) emerge as dominant contributors,
highlighting their importance in distinguishing
between failed and non-failed SNs.

In Scenario #2, where only failed SNs are
analyzed, the SHAP charts reveal that operational
parameters such as DMI VTEC (V) and
OverloadBER play critical roles in diagnosing
failures, providing valuable insights into failure
mechanisms.

Model Robustness:

XGBoost demonstrates superior robustness in
handling complex data with higher variability, as
evidenced by its lower MSE and MAE values in
Scenario #2. Its gradient-boosting framework
excels with noisy datasets, making it particularly
suitable for challenging analytical scenarios.

Practical Implications:

Insights derived from SHAP visualizations and
error metrics enable the prioritization of critical
parameters for monitoring and optimization in real-
world operations. Advanced algorithms like
XGBoost prove especially effective in scenarios
involving greater complexity or noise, while
simpler scenarios can be reliably addressed using
Random Forest. Based on our comprehensive
analysis, both Random Forest and XGBoost
performed exceptionally well in Scenario #1,
achieving minimal error rates and demonstrating
their reliability in less complex cases. In Scenario
#2, however, XGBoost exhibited superior
robustness with lower MSE and MAE values,
establishing it as better suited for handling complex
or noisy datasets. The SHAP visualizations
consistently highlighted the significance of key
features—TDECQ (dB), DMI_VTEC (V), and ICC
(mA)—which influenced model predictions across
both scenarios. These findings underscore the
potential for enhancing operational performance
and predictive accuracy through targeted
optimization of these critical parameters.



FCNN Evaluation

We also incorporated the FCNN model into our
evaluation framework, given our substantial dataset
of over 1,000 SN units. The Fully Connected Neural
Network (FCNN) model was assessed under
identical conditions for both scenarios, with results
illustrated in Figures 7 and 8. We selected FCNN
based on its proven efficiency and effectiveness in
processing large datasets. Performance results are
presented in terms of Loss and MAE metrics in
Table 5.

Table 5. Loss and MAE results for FCNN

Model FCNN
Loss MAE
Scenario#1 0.0002 0.0002
Scenario#2 0.1571 0.2987
SHAP Summary Scenario 1:Faled + Non-Falled sNs
DMI_ITEC(mA)

TDECQ(dB)
TDECQ-Ceq
OOMA-TDECQ(dB)
OOMA(dBm)

OverloadBER

Feature value

Csen(dBm)
DMI_VTEC(V)
ICC(mA)
DMI_RxPwr(dBm)
DMI_TXLOP(dBm)

|
|
|
|
|
|
CsenOMA(dBm) |
|
|
|
|
|
|

OER(dB)

Low
-0.04 -0.02 0.00 0.02 0.04

SHAP value (impact on model output)

Figure 7. FCNN, Scenario#l

Scenario #1: The FCNN achieved a loss value of
0.0002 and a Mean Absolute Error (MAE) of
0.0002, indicating excellent performance in
distinguishing between failed and non-failed SNs.
These low values demonstrate that the model
effectively captured the relationship between input
features and the target variable.

Scenario #2: The FCNN showed a loss value of
0.1571 and an MAE of 0.2987, which are
significantly higher compared to Scenario #1. This
indicates that analyzing failed SNs exclusively
presents greater challenges due to increased data
complexity and variability.
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Figure 8. FCNN, Scenario#2

Feature Importance: The SHAP plots in Figures 7
and 8 illustrate the relative impact of each feature
on the model's predictions. Features such as
DMI VTEC (V), TDECQ-Ceq, and ICC (mA)
consistently appear as key contributors across both
scenarios. These visualizations provide valuable
insights into the critical parameters influencing the
model's output.

General Observations: The results demonstrate
that FCNN performs exceptionally well on simpler
datasets with clear distinctions, as in Scenario #1,
but struggles with more complex patterns, as
observed in Scenario #2. This highlights the need
for further optimization or complementary
approaches when handling challenging datasets.

5. Discussion

5.1. AI Model Performance Superiority

XGBoost emerged as the superior model,
achieving MSE of 0.0091 and MAE of 0.0165 in
complex failure scenarios (Scenario #2),
significantly outperforming Random Forest and
FCNN. Machine learning approaches demonstrate
clear advantages for manufacturing datasets with
limited failure samples, requiring less training data
while providing interpretable outputs essential for
quality control applications. The FCNN model
showed performance degradation with limited
samples (FCNN: Loss 0.1571, MAE 0.2987),
confirming that traditional machine learning
methods are more suitable for typical



manufacturing failure analysis scenarios where
failure rates are typically below 5%.

5.2 Critical Parameter Identification

SHAP analysis consistently identified three
critical failure predictors across all Al methods:
TDECQ, DMI VTEC, and ICC. This finding
provides actionable guidance for manufacturing
quality control, enabling targeted monitoring of
critical parameters that traditional correlation
analysis could not reliably identify. The consistent
parameter ranking across different Al approaches
validates the robustness of these findings and
establishes a reliable foundation for industrial
implementation.

5.3. Implementation Guidelines

Dataset Size-Based Selection: For dataset size-
based selection, XGBoost is recommended for
optimal performance with datasets smaller than
10,000 samples. Random Forest provides efficiency
for resource-constrained environments, while
neural networks become viable for datasets
exceeding 10,000 samples.

Quality Control Focus: Prioritize monitoring of
TDECQ, DMI_VTEC, and ICC parameters based
on SHAP analysis findings, enabling proactive
failure prevention rather than reactive quality
control.

From a practical manufacturing perspective, the
insights provided by SHAP analysis can be directly
translated into process improvements. For instance,
since TDECQ and DMI_VTEC are identified as the
most influential features affecting TransBER
failures, production engineers can establish stricter
guard-band limits for these specific parameters at
the earlier station (OPN#1). Units exceeding these
preventive limits can be flagged for rework or
tuning immediately, preventing them from
proceeding to the costly TransBER testing stage
(OPN#2). This proactive screening based on SHAP
feature importance significantly reduces machine
time waste and overall manufacturing costs.

5.4. Industry Impact

The proposed Al-driven framework enables
manufacturers to transition from reactive post-
production failure analysis to proactive quality
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control  strategies. Early failure detection
capabilities reduce manufacturing rework costs,
warranty claims, and customer relationship
challenges. Additionally, this approach improves
product reliability and competitive positioning.

6. Conclusion

This study presented the first comprehensive
comparison of traditional statistical methods with
Al-driven approaches for optical transceiver failure
analysis using real manufacturing data from 6,446
units. The key contributions: Al Superiority
Validated: XGBoost achieved superior
performance (MSE: 0.0091, MAE: 0.0165)
significantly outperforming traditional statistical
methods. Critical Parameters Identified: SHAP
analysis revealed TDECQ, DMI_VTEC, and ICC
as consistently influential failure predictors,
providing clear quality control targets that
traditional correlation analysis could not identify.
Practical Framework Established: Clear
selection criteria for optimal AI method choice
based on dataset characteristics, with concrete
implementation guidance for manufacturers
seeking enhanced failure analysis capabilities.
Industry Advancement: This research provides
the foundational framework for Al-driven failure
diagnostics in optical transceiver manufacturing,

essential for next-generation quality control
systems as the industry advances toward
increasingly  demanding data  transmission

requirements. Limitations: This study focused on
specific optical transceiver parameters within a
single manufacturing environment. The
framework's generalizability across different
manufacturers and transceiver types requires
further validation. Future Research Directions:
Future work includes extending the framework to
real-time manufacturing implementation,
investigating additional AI architectures such as
ensemble methods, and validating the approach
across diverse manufacturing environments and
optical transceiver configurations.
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ABSTRACT

This research examines the design of a Voice Al agent enhanced with gamification
elements such as points, rewards, challenges, storytelling, and personalization to
increase user engagement and satisfaction. Two hypotheses guided the study: (H1) users
of gamified Voice Al systems demonstrate higher engagement and motivation than those
using non-gamified systems; (H2) demographic factors, particularly age and prior
experience, influence preferences for gamification features. Experimental testing and
user feedback showed that the most frequent interactions involved game-based
activities, childlike conversations, and psychology-related queries, with consistently high
satisfaction and predominantly positive or curious sentiments. These findings support
both hypotheses, highlighting the motivational benefits of gamification and the
moderating role of wuser characteristics. Future work should investigate how
gamification shapes long-term engagement, how demographics moderate playful feature
effectiveness across contexts, and which combinations of rewards, personalization, and
social presence deliver sustainable improvements in satisfaction and retention.

KEY WORDS a1 Agents, Gamification, User Engagement, Personalization, Playful Design

1. Introduction The rapid progression of artificial intelligence (Al)
and natural language processing (NLP) has driven the
widespread adoption of Voice Al agents across
diverse sectors such as customer service, education,
and healthcare. Embedding gamification elements—
such as points, rewards, and challenges—within
these agents has been shown to enhance user
engagement and motivation, offering a promising
approach to improving the quality and sustainability
of human—Al interaction.

This research focuses on designing a Voice Al agent
integrated with gamification elements, such as points,
rewards, and challenges, to enhance user
engagement. It aims to evaluate the effectiveness of
these gamified features in improving user interaction,
retention, and satisfaction through experimental
testing and user feedback. Furthermore, the study
seeks to identify the most impactful gamification
features that foster meaningful and enjoyable
interactions. The research will culminate in the 2.1 What Are Al Agents?

development of a mobile application that embodies Voice Al agents, such as chatbots, play a pivotal role
the concept of a gamified Voice Al agent. in shaping user motivation, engagement, and

behaviors by incorporating gamification elements.
2. BACKGROUND Studies comparing gamification approaches reveal

that game-of-chance mechanisms, such as spin-the-
wheel games, outperform knowledge-sharing games
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in delivering positive outcomes. These findings
underscore the importance of aligning gamification
strategies with user motivations to maximize
engagement and impact [1]. Beyond consumer
engagement, autonomous Al systems, or digital
researchers, are transforming research workflows
through gamified interactions. By incorporating
features like reward systems, progress tracking, and
interactive challenges, these Al agents enhance
engagement while breaking down complex research
questions, analyzing diverse data sources, and
building predictive models. Gamification not only
improves efficiency but also introduces an
interactive, adaptive dimension to research processes,
enabling workflows to evolve dynamically.
Advanced Al frameworks combined with gamified
designs offer unparalleled scalability, efficiency, and
innovation,  revolutionizing  industrial R&D,
academic research, and business intelligence, and
heralding a new era of motivation-driven and
interactive Al applications [2]. In educational
contexts, integrating motivational features in Al-
driven mobile applications significantly enhances
reading comprehension. Using Self-Determination
Theory (SDT) as a foundation, research highlights
the value of features like personalization, progress
tracking, social interaction, and gamification in
supporting autonomy, competence, and relatedness.
Findings suggest that intrinsic motivation is
preferred, and features that promote engagement and
self-regulated learning are critical for effective
application design [3]. Gamification in Voice Al
agents enhances user engagement by aligning with
intrinsic motivations, creating interactive, rewarding
experiences that sustain interest and drive active
participation.

2.2 User Engagement

Key factors influencing user engagement and
retention in interactions with role-playing Al models
include the length of each turn the Al takes during
conversations. Research highlights that longer and
more substantial Al responses significantly
contribute to retaining users, providing valuable
insights for designing conversational Al systems that
are both engaging and user-friendly [4]. Similarly,
Conversational Task Assistants (CTAs) can enhance
user engagement by incorporating relevant and
interesting facts into interactions. Researchers trained
a classifier to automatically identify intriguing facts,
creating a cooking-specific annotated dataset and
developing a dialogue policy to integrate these facts
seamlessly into conversations. Live testing on a
leading multi-modal voice assistant demonstrated
that 66% of the presented facts were well-received,
resulting in a 40% increase in user satisfaction and a
37% increase in conversation length. These findings
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emphasize that embedding interesting facts
strategically within CTA interactions can effectively
boost user participation and engagement during
guided tasks [5]. User satisfaction in games is driven
by the quality of interaction, usability, and
engagement. Ensuring a positive user experience
(UX) requires intuitive design, usability testing, and a
balance between technical and social aspects.
Playability, which includes factors like learnability,
efficiency, and memorability, plays a crucial role in
enhancing satisfaction. Emerging trends, such as
Virtual Reality (VR), introduce new challenges in
maintaining usability while providing immersive
experiences. Ultimately, involving users in the design
process through participatory methods helps create
games that meet their expectations and enhance
overall enjoyment [6]. Al can enhance user
satisfaction in games by personalizing experiences,
optimizing wusability, and improving immersion
through adaptive systems, machine learning, and
intelligent interactions.

2.3 Playful Design

Artificial Agency’s article, "Playful Intelligence:
Bringing Generative Behavior to Games," explores
the evolving role of artificial intelligence (Al) in
gaming, emphasizing a transition from developing
superhuman opponents to creating adaptive Al agents
that enhance player engagement through dynamic
and context-aware behaviors. The study highlights
the potential of generative Al in designing game
characters and systems capable of comprehending
their narrative roles, thereby contributing to more
immersive and human-centric gaming experiences.
To support this development, Artificial Agency
introduces an Al-powered behavior engine that
integrates real-time decision-making into various
aspects of gameplay, enabling virtual environments
to become more responsive and interactive [7].
Additionally, Artificial Agency’s Al-powered
behavior engine advances user engagement and
interaction by embedding playful design elements
into real-time adaptive systems. Through the use of
machine learning, procedural content generation, and
predictive analytics, the system dynamically
personalizes gameplay experiences, fostering deep
immersion and sustained player interaction. This
approach aligns with contemporary advancements in
Al-driven interactive storytelling and adaptive digital
environments, including applications beyond gaming,
such as e-commerce and virtual assistants.
Ultimately, the integration of playful AI within
interactive systems has significant implications for
enhancing digital experiences, making them more
intuitive, engaging, and personalized [8].

2.4 Gamified Voice AI Agents



Gamified AI voice assistants enhance user
engagement by integrating playfulness, interactivity,
and challenge-based mechanics into voice-based
interactions. This suggests that even without visual
components, voice agents can meaningfully leverage
game mechanics like rewards, progress cues, and
competition to create immersive and playful learning
experiences [9]. Research suggests that users are
motivated to adopt Al voice assistants (AIVA) due to
functionality, emotional achievement, social value-
seeking, and individual traits. Gamification elements
such as humor, competition, and cooperative
gameplay significantly enhance user satisfaction and
retention by fostering immersive experiences.
Additionally, anthropomorphism and social presence
contribute to a heightened sense of realism,
encouraging deeper interaction with Al systems.
These findings suggest that incorporating
gamification strategies into Al voice assistants can
create engaging and personalized user experiences,
making them more effective for applications in
entertainment, education, and customer service [10].
Further supporting the role of gamification, research
on speaker comparison tasks examined the impact of
different interface designs on user performance. In
this study, three interface variations were tested: a
traditional non-gamified version, a gamified version
with feedback and customizable features, and a
gamified version with an additional constraint of
limited ‘lives’ for incorrect answers. A total of 150
participants, recruited through Amazon Mechanical
Turk, were equally distributed among the three
conditions. Findings indicate that gamification
improves listener performance, particularly in
balancing detection errors, demonstrating that game-
like elements enhance engagement and task
effectiveness in voice-based Al interactions [11].
Gamification uses game mechanics to make non-
game activities more engaging and motivating. With
Al, this experience becomes even smarter. Al
personalizes challenges, adapts rewards, and fine-
tunes interactions based on each user’s behavior and
preferences [12]. It can predict when engagement
drops, offer real-time feedback, and even generate
new content dynamically. By analyzing user data, Al
ensures that every experience is tailored, rewarding,
and continuously improving. Whether it’s learning,
productivity, or customer engagement, Al-driven
gamification makes interactions more immersive and
effective.

2.5 Demographic Influences on
Gamification

Demographic characteristics have been shown to
significantly shape user preferences and experiences
with gamification. Age is a central factor: younger
users tend to value competition, challenges, and fast-
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paced feedback, while older adults often prefer
clarity, supportive features, and simpler mechanics
[13,14]. Prior experience with games or gamified

systems also influences effectiveness, with
experienced users responding more positively to
elements such as badges, leaderboards, and

storytelling, whereas less experienced users lean
toward personalization and cooperative modes [15].
Gender and social orientation may further moderate
outcomes, as some studies find women report higher
social benefits from gamification, while men
emphasize competition [15]. More recent research
underscores the importance of adaptive design that
adjusts rewards, challenges, and complexity to user
attributes, thereby enhancing engagement across age
groups and experience levels [16,17].

2.6 Demographic Influences on
Gamification

Demographic characteristics have been shown to
significantly shape user preferences and experiences
with gamification. Age is a central factor: younger
users tend to value competition.

Independent Variables (IVs)

H1

Dependent Variables (DVs)

Engagement

Al Experience

Fig.1. Hypotheses Framework

3. HYPOTHESES

Based on the research objectives and prior literature
on user engagement and gamification, the study
proposes the following hypotheses:

H1: Users who interact with Voice Al systems that
incorporate gamification elements will demonstrate
significantly higher levels of engagement and
motivation than users who interact with non-gamified
Voice Al systems. Independent Variable (IV):
Presence of gamification elements (e.g., rewards,
storytelling, personalization). Dependent Variable
(DV): User engagement and motivation.

H2: Demographic characteristics, particularly age
and prior experience with Voice Al, will significantly
influence user preferences for specific gamification
features. Independent Variables (IVs): Age, prior
experience with Voice Al. Dependent Variable (DV):



User preferences for gamification features (e.g.,
challenges, competition, personalization, rewards).

4. METHODOLOGY

4.1 User-Centered Interaction

This study was conducted in two phases: the first
phase involved an experiment in which design
students identified key gamification factors for a
Voice Al agent, and the second phase demonstrated
the outcomes produced by the gamified Al agent
using those factors. A total of 238 participants were
recruited through a research exhibition event to take
part in the study examining sentiment interactions
with the Al agent. Each participant engaged with the
system through structured tasks designed to capture
emotional responses, preferences, and overall user
experience. The collected data provide valuable
insights into how users express positive, negative, or
neutral sentiments during real-time interactions with
the Al highlighting patterns of engagement and
emotional alignment. This participant base offers a
robust sample for analyzing the effectiveness of
sentiment detection, user satisfaction, and the
potential of AI agents to adapt communication
strategies based on emotional cues. This study adopts
a mixed-methods experimental design to investigate
the impact of gamified Voice Al agents on user
engagement, retention, and satisfaction. A prototype
mobile application incorporating gamification
elements: points, rewards, challenges, and interactive
storytelling will be developed and evaluated.
Participants will be randomly assigned to one of
three experimental conditions:

1. Non-gamified baseline model

2. Partially gamified model

3. Fully gamified model featuring real-time adaptive
mechanics

Data collection will combine both quantitative
and qualitative approaches. Quantitative metrics will
include interaction length, user retention rates, task
completion efficiency, and engagement levels.
Qualitative data will be gathered through user
satisfaction surveys, usability assessments, and
sentiment analysis of user interactions. Statistical
analyses, including ANOVA and regression
modelling, will be conducted to determine the impact
of gamification elements on engagement and
interaction quality.

Through this systematic evaluation, the study
seeks to generate empirical insights into the role of
playful design in Al-driven systems, contributing to
best practices for designing adaptive, engaging, and
user-centered Al interfaces. The findings will inform
future applications in entertainment, education, and
customer service. In terms of satisfaction,
responsiveness plays a critical role: users expect
immediate feedback when interacting with buttons,
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menus, or forms, which enhances the perception of
fluidity and reward [18]. A user’s interaction with an
application encompasses usability, accessibility, and
overall satisfaction, representing a holistic design
approach that prioritizes seamless, efficient, and
enjoyable experiences [19].

The anticipated results will encompass four
domains: demographic and usage patterns,
perceptions of gamification, engagement and
motivation, and qualitative insights. Demographic
analysis will reveal the distribution of respondents by
age, gender, education, and occupation, alongside
their frequency and purposes of voice Al use, with
cross-tabulations highlighting group differences.
Perceptions of gamification will capture levels of
awareness, prior interaction, and preferences for
elements such as rewards, storytelling, challenges, or
personalization, supported by statistical tests to
assess demographic effects on adoption tendencies.
Engagement and motivation will be examined
through mean ratings of interactivity importance,
correlations between interest in gamification features
and intention to increase usage, and identification of
the most effective reward structures, including
badges, tangible incentives, and personalization
options. Finally, qualitative insights from open-ended
responses will highlight unmet needs, perceived
limitations, and user-driven design recommendations.
Collectively, these findings are expected to
demonstrate that gamification elements particularly
rewards, personalization, and interactive storytelling
enhance user motivation and foster sustained
engagement with voice Al systems, thereby offering
empirical evidence for the design of next-generation
conversational agents that integrate functionality with
playful, user-centered interaction.

record

PK record_id INTEGER
Unique identifier
for each record
(non-duplicate 1,2003
timestamp  TIMSTAMP
session_id TEXT
user_id  VARCHAR(255) | Pseudonymous identifier
user_input  TEXT User's u space cat image
input_mode  VARCHAR(59) Mode of input provided by oser
ai_text TEXT Generating the image now.
dataset  VARCHAR(SO) | voice, image_generation
response_time INTEGER | Time taken by the Al to resond (missilleconos)
satisfaction  SMALLINT | User satisfaction score (scale 1-5)

rating
Generates

user

Provides

user_id VARCHAR (255)

1,2,2,20030

ai_output
ai_text TEXT
Mode of output delivered
by the Al

voice, image’_generation

Table 1: Database Diagram

4.2 Enhancing User Engagement

This study employed a survey-based experimental
design to investigate how gamification influences
engagement with Voice Al agents and to identify



appropriate gamification elements for Al agent
design. The survey was administered using a Google
Sheets form, allowing participants to provide
structured responses efficiently. The research focused
on two hypotheses: (H1) gamification increases user
engagement and motivation, and (H2) demographic
characteristics, particularly age and prior experience,
influence preferences for gamification features. A
total of 14 participants, all design students,
completed the survey. All respondents were young
adults aged 18-24 with undergraduate-level
education. The sample consisted of 8 females, 5
males, and | participant who did not disclose gender.
Using a Google Sheets—based survey with 14 design
students. Although the results align with the study’s
hypotheses at a descriptive level, they cannot be
regarded as confirmatory due to methodological
constraints, including the small, homogeneous
sample and the absence of statistical analysis.
Nevertheless, the findings contribute initial empirical
grounding for incorporating gamification in Voice Al
design and highlight potential pathways for
improving user experience and retention. Future
research should expand the participant pool, employ
controlled experimental methods, and integrate
behavioral usage data to more robustly evaluate how
gamification shapes long-term engagement with Al
agents across diverse populations.

Data were collected through an online
questionnaire distributed via academic networks. The
survey included sections on demographics, prior
Voice Al usage, and interaction frequency, followed
by questions on awareness and perceptions of
gamification in Voice Al systems. Participants were
asked to identify features they found most engaging
(e.g., personalization, challenges, rewards) and to
rate their likelihood of increased use if gamification
were incorporated.  Additionally, participants
evaluated the importance of adaptive features, such
as emotion-sensitive responses and personalization.
The collected responses were analyzed descriptively
to identify patterns in preferences and usage
behaviors. To complement the survey data, user
interaction logs from a prototype Voice Al agent
were examined, including sentiment analysis of
conversation transcripts. This procedure enabled
triangulation between self-reported data and observed
interaction patterns, strengthening the validity of the
findings.

5. CONCEPTION MODEL

Al has significantly transformed UX design,
necessitating an understanding of how machine
learning (ML) can be integrated into the design
process. The key challenges UX designers face when
incorporating ML, highlighting difficulties in
understanding ML concepts and applying them
effectively. Their study outlines various tools,
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algorithms, and techniques to address these
challenges, offering practical insights for designers
adapting to Al-driven workflows. This research
provides a complementary perspective on the
obstacles and solutions in UX design with ML
integration [20].

5.1 AI Applying Gamification to Voice Al

Agents Processes

This ensures that game mechanics such as points,
badges, and leaderboards are aligned with users’
authentic motivations. The conceptual framework of
Al agents using Gemma in combination with
Retrieval-Augmented Generation (RAG)
demonstrates a layered architecture consisting of user
interaction, an agent controller, knowledge
integration, and output delivery. In this model,
Gemma functions as the lightweight large language
model (LLM) responsible for reasoning and
generation, while RAG provides contextual

augmentation through retrieval

from domain-specific knowledge bases, thereby
reducing hallucinations
accuracy.

and improving factual

Fig.2. UI Design

The agent controller orchestrates decision-making
between internal reasoning and external retrieval,
ensuring adaptability and efficiency. Outputs are
further enhanced with transparency features such as
citations, supported by a feedback loop where user
evaluations refine subsequent performance. This
approach reflects recent advances in open LLMs [21]
and aligns with prior research highlighting the
efficacy of RAG in enhancing factual consistency
and domain adaptability of Al systems [22,23].

5.2 Conceptual Framework of AI Agents
Using Gemma + RAG

The conceptual framework (Fig.3) illustrates the
layered design of Al agents that integrate Gemma, a
lightweight open-source LLM, with Retrieval-
Augmented Generation (RAG). The model is
organized into four layers, each representing a
functional component of the agent architecture. The
framework depicts a gamified Voice Al architecture
that integrates playfulness into user interactions.



Queries pass through an agent controller that blends
reasoning (Gemma LLM) with retrieval (RAG) to
generate accurate yet engaging outputs, enriched by
rewards, humor, or challenges. A feedback loop with

user ratings ensures adaptive and enjoyable
experiences.
(T Pensing, Deciionmaling)

on) | /Feedback (User Ratings)

Layer 3a: Gemma LLM
(Reasoning, Toxt Generation)

Layor 4: Output -
|(An-w-n, o Citations)

Fig.3. Conceptual Framework of Al Agents Using
Gemma + RAG

6. RESULTS

The first study showed that all participants identified
their occupation as students, reflecting a digitally
literate population. This exploratory phase examined
how gamification influences engagement with Voice
Al agents and identified preferred gamification
elements that could inform future Al agent design.
The study revealed positive attitudes toward playful
interaction features and a general openness to
gamified conversational experiences.

Key Insights: The top three use cases (Fig.4)
were game interactions (e.g., guessing images or
people), childlike conversations (playful, casual
dialogue), and psychology-related queries (mental
health or depression discussions), which together
accounted for over 84% of usage. User satisfaction
was exceptionally high, with more than 94% rating
their experience at level 4 or 5, indicating that the Al
effectively addressed diverse and complex topics.
The majority of conversations reflected positive or
curious sentiments, underscoring a friendly
atmosphere that fostered learning and entertainment.
The bar chart illustrates the distribution of user
conversation intents with the Al. The most frequent
intent is Game Interaction with 19 occurrences
(36.5%), followed by Childlike Conversation at 13
occurrences (25.0%) and Psychology Query with 12
occurrences (23.1%). Less frequent intents include
Acknowledgement with 2 occurrences (3.8%), and
both Singing Request and Storytelling Request, each
appearing once (1.9%).

The fig.5 presents the overall sentiment analysis
of user conversations. The pie chart shows the
distribution of sentiments identified by the Al:
Positive with 26 occurrences (50.0%), Curious with
16 occurrences (30.8%), Negative with 4 occurrences
(7.7%), and Neutral with 2 occurrences (3.8%).
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The third chart illustrates the distribution of user
satisfaction ratings on a scale of 1 to 5. The majority
of users gave the highest rating, with 36 responses
(69.2%) at level 5, followed by 13 responses (25.0%)
at level 4. No users rated at levels 3, 2, or 1.
Additionally, 3 responses (5.8%) were unspecified,
assumed to indicate no rating was provided.



Table 2: Mapping of Research Hypotheses

Hypothesis Survey Interpretation
Evidence
HI1: Users reported Supports H1:
Gamification | moderate gamification
increases likelihood of elements are
engagement | increased Voice | perceived to
and Al use when enhance
motivation gamification engagement
features (e.g., and motivation
rewards, compared to
personalization, | non-gamified
emotion- systems.
adaptive design)
were included.
H2: Age and | Participants were | Supports H2:
prior mostly 18-24- demographic
experience year-old factors shape
influence undergraduates gamification
gamification | with varied preferences,
preferences usage frequency. | with younger
Younger and less | users valuing
experienced customization
users favoured while low-
personalization, | frequency
special content, users stress
and natural functionality
conversation before playful
improvements. features.
The survey results indicate that incorporating
gamification  elements such as  rewards,

personalization, and emotion-adaptive features can
enhance engagement and motivation in Voice Al
systems. Demographic characteristics, particularly
age and prior experience, were found to shape user
preferences, with younger and less experienced users
favoring playful customization and natural
interaction, while low-frequency users prioritized
functional reliability. These findings highlight the
moderating role of user characteristics in determining
the effectiveness of gamified Voice Al

SUMMARY and DISCUSSION

The empirical findings indicate that the predominant
Voice Al interactions comprised game-based
activities, childlike conversational exchanges, and
psychology-related queries, collectively accounting
for the majority of system usage. Levels of user
satisfaction were consistently high, with nearly all
participants providing favorable evaluations of their
experiences. Sentiment analysis further demonstrated
that user interactions were largely characterized by
positive and inquisitive tones, thereby lending
support to the hypotheses that the incorporation of
gamification mechanisms enhances user engagement
and motivation (H1), and that demographic factors

43

JIST Journal of Information Science and Technology
Volume 15, NO 2 | JUL — DEC 2025 | 37-44

such as age and prior experience serve as moderating
variables in shaping wuser preferences (H2).
This study is situated within the broader
objective of designing a Voice Al agent enriched
with  gamification features—including points,
rewards, and challenges—with the intent of
augmenting user engagement. The research design
emphasizes the empirical evaluation of these
gamified elements in fostering interaction quality,
promoting retention, and improving user satisfaction,
drawing upon both experimental testing and user
feedback. In addition, the investigation seeks to
determine which gamification features exert the most
pronounced influence on creating meaningful and
enjoyable interactions. The project is expected to
culminate in the development of a prototype mobile
application that operationalizes the conceptual
framework of a gamified Voice Al agent. The Voice
Al interactions centered on game-based activities,
childlike conversations, and psychology related
queries, resulting in very high user satisfaction and
predominantly positive and inquisitive sentiment.
The objective of this research was to design a Voice
Al agent using gamification elements to improve
interaction quality and user retention.
For this research, the findings provide preliminary

insights into how gamification elements may enhance
long-term engagement with Al voice agents, how
demographic  factors  might influence the
effectiveness of playful features, and which
combinations of rewards, personalization, and social
presence contribute most to user satisfaction. To
build on these insights, future studies should include
a clear experimental comparison between a non-
gamified baseline, a partially gamified version, and a
fully gamified model to determine the incremental
impact of each gamification level and establish more
robust design guidelines.
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Abstract — Fog and edge computing platforms increasingly become necessary for the
management of distributed Internet of Things services, but their management dashboards are not
typically very friendly to users. This study discusses a heuristic analysis of two most widely used
open-source management dashboards, EdgeX Foundry and FogFlow, in terms of five usability
guidelines: consistency and standards, user control and freedom, visibility of system status, error
prevention, and help and documentation. Nineteen usability issues were identified and rated
according to Nielsen's heuristic model through task-based, expert-led walkthroughs. Major issues
included non-consistent terminology, a lack of undo or confirm features for critical actions,
inadequate real-time feedback, and a lack of embedded help facilities. These issues reduce operation
effectiveness and increase the likelihood of user error, most notably in time-sensitive or high-risk
scenarios. The study proposes certain recommendations such as standardizing the components of
the interface, improving the options provided to the users for control, improving system feedback,
and incorporating contextual help. The incorporation of human-centered design principles during
the creation of fog and edge dashboards will significantly enhance usability, enable better decision-
making, and enable easier use in real-world implementations.

KEY WORDS: Usability Evaluation, Dashboard Interface Design, Heuristic Analysis, Fog
Computing, Edge Computing, Distributed Computing

1. Background and Signiﬁcance intermediate nodes in addition to cloud
capabilities. Edge computing builds on this by

providing the ability to perform computation on
devices or on immediate gateways, reducing
reliance on distant data centers. Together, these
paradigms provide more scalable and responsive
IoT solutions.

Fog and edge computing have shown
themselves to be vital distributed computing
paradigms of late, especially in Internet of Things
(IoT) settings, because they enable low latency

processing and more efficient resource utilization Effective control and monitoring are
close to data sources. Unlike traditional cloud required to operate such distributed and dynamic
computing models that see storage and data systems. Administrative dashboards are the chief
processing take place largely in main data centers, user interfaces through which system operators
fog and edge computing bring computational and administrators can control device status,
capacities nearer to where data is produced, either install services, respond to alarms, and maintain
at the network's edge or regions nearest to it. This the system healthy. How easily accessible these
approach builds upon some of the underlying dashboards are will directly impact on the safety,
challenges of latency reduction, bandwidth accuracy, and efficiency of system administration
optimization, and privacy enhancement of data tasks. In manufacturing facilities, for example, a
networks. These are critical in autonomous well-designed dashboard may allow for prompt
vehicles, smart grids, real-time industrial response to failures to minimize downtime and
automation, and smart city infrastructure. prevent cascading failure.

Fog computing, envisioned by Bonomi Despite the crucial contribution of fog
et al. [1], provides a hierarchical architecture that and edge computing, research was limited to a

adds local processing capability through
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theoretical basis for judging usability for
associated dashboards. The limited usability
studies conducted have largely focused on
application domains such as healthcare [14],
industrial ~ Supervisory Control and Data
Acquisition (SCADA) systems [11], and data
analytics environments [13]. These investigations
pin down common usability issues, including
inconsistent user interface design, insufficient
prevention of errors, and inadequate feedback
mechanisms. These factors can sharply degrade
operator performance and system reliability.

The growing adoption of fog and edge
computing  platforms in  mission-critical
environments underlines the need for making use
of rigorous usability evaluation methods for such
systems. Poor usability in such interfaces is not
likely to cause operator error but also undermines
the large-scale deployment and feasibility of IoT
integration. This study aims to fill this research
gap by conducting a heuristic evaluation of two of
the most popular open-source fog and edge
computing dashboards with focus on significant
usability factors that affect system management.

2. Objectives

This study evaluates administrative
dashboard wusability within fog and edge
computing systems in terms of heuristic design
principles previously applied. The evaluation is
aimed at five factors: consistency in the interface,
user control, visibility of system status, prevention
of errors, and provision of help and
documentation.

The aim is to uncover common usability
challenges in these areas and turn the findings into
practical design recommendations. Making
dashboards easier to use can lighten the load on
system operators, reduce the chances of mistakes,
and improve the overall efficiency of managing
the system.

Additionally, this research fills an
important literature gap by applying a robust
heuristic evaluation framework to an area where
usability is frequently overlooked. Results are
intended to support developers, researchers, and
system integrators in promoting more user-
centered ways of designing distributed computing
interfaces.

3. Hypothesis

The main hypothesis for this study is that
administrative dashboards of top fog and edge
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computing systems suffer from serious usability
issues that complicate system management. In
generally, it is predicted that these user interfaces
will exhibit infractions of core usability rules,
including inconsistencies in design language,
ineffective mechanisms for guiding users,
insufficient system status visibility, inadequate
measures to prevent errors, and lack of accessible
help tools.

This hypothesis is supported by previous
findings in related fields, such as SCADA systems
[1] and medical dashboards [15], where similar
interface shortcomings have been linked with high
cognitive load and procedural errors. Considering
the relative novelty and technological complexity
of fog and edge computing infrastructures, and
alongside the frequently open-source
development environment, it is reasonable to
expect accompanying or even elevated levels of
usability problems.

Moreover, such platforms are commonly
found in mission-critical and time-sensitive
environments where usability issues can lead to
serious operational risks. Therefore, testing this
hypothesis will highlight some design flaws as
well as the need to include human-centered design
principles at an early stage in the development of
fog and edge computing interfaces.

4. Methodology

The usability issues with fog and edge
computing dashboards were evaluated in this
study using an organized methodology. To
identify recurrent design issues, the assessment
focused on a qualitative expert review using a
commonly accepted usability inspection
approach. The techniques employed are described
in depth in the following subsections.

4.1 Heuristic Evaluation Approach

This study utilizes heuristic evaluation as
its primary methodological approach. Introduced
by Nielsen and Molich [6], heuristic evaluation is
a well-established usability inspection method in
which a small group of experts systematically
examines an interface based on a set of predefined
usability principles, or heuristics. The approach
has been recognized for its ability to identify
usability issues quickly and cost-effectively,
making it particularly useful for evaluating
complex technical systems prior to more
extensive user testing.



4.2 Selection of Heuristics

Using Nielsen's usability heuristics as a
guide [5], this study focused on five key areas that
are particularly relevant to fog and edge
computing dashboards. These included keeping
the interface consistent to reduce confusion,
giving users enough control to undo actions or
move around freely, making system status clear
and easy to follow, designing in ways that help
prevent mistakes before they happen, and offering
built-in help or guidance when needed. These
principles were chosen because they play a major
role in how effectively system administrators can
interact with complex platforms and manage their
cognitive workload.

4.3 Platforms Under Review

This research compares two widely used
open-source systems: FogFlow and EdgeX
Foundry [9][10]. They were selected because they
are used in the fog and edge computing and IoT
communities. They are also representative design
patterns one finds when dealing with
administrative dashboards used for distributed
system administration. EdgeX Foundry claims
modular design with interoperability and
integration ease that allows administrators to
monitor device state and streams of data
effectively. In contrast to this, FogFlow is
designed for orchestration in edge environments
and provides real-time monitoring and control
features. The differences in system design and
user interface design of these two platforms make
them excellent candidates for comparative
usability testing.

4.4 Evaluation Procedure

To systematically uncover usability
issues, the study employed a heuristic evaluation
carried out by two experts in human-computer
interaction who had prior experience assessing
complex user interfaces. The evaluation began
with a familiarization stage, during which the
experts explored key features of each dashboard
and typical workflows followed by system
administrators. The experts then walked through
based on common administrative operations like
creating devices, deploying services, and handling
alerts.

In addition to these general workflows,
the evaluators performed a set of predefined tasks:
device  registration, service  deployment,
configuration of data pipelines, reviewing alerts
and notifications, and log inspection. These are
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tasks  considered important administrator
activities that are common in operational fog and
edge computing environments. For each of these
tasks, the evaluators recorded issues found on the
interface, the time taken to perform the activity,
clarity and immediacy of system feedback as the
test subjects went through each step, and any
navigation difficulties or ambiguities in
terminology.

Any usability issues that were generated
from performing such actions were detailed, rated
for severity using Nielsen's zero to four scale.

Table I. Nielsen’s Usability Severity Rating Scale.

Rating Label Description
Not a No negative impact on
usability usability; no

0 ; .
problem corrective action

needed.
Cosmetic Minor issue; fix is

1 problem optional and typically
only addressed only if time

allows
Minor Fix is useful but not

5 usability urgent; may be

problem considered if it affects
many users
Major Fix is important;

3 usability significantly disrupts
problem the user experience
Usability Must be resolved

4 catastrophe | immediately; severely

impacts system
usability

To help assess the level of agreement
between the two evaluators, a simplified inter-
rater reliability check was performed. The ratio of
agreement, based on a comparison of the severity
judgments for all identified issues, is roughly 85
percent. The quick estimate of Cohen’s Kappa, via
the formula, is as follows:

k= (Po—Po)/ (1—Po)

where P, represents the observed agreement
(approximately 0.85) and P. represents the
expected agreement. Using these values yields an
estimated x = 0.69, which is generally interpreted
a high degree of agreement. Although not a
complete statistical assessment of reliability, a
degree of agreement is useful correlating to
enhanced overall evaluation consistency.



Although the evaluation was carried out by two
experts, it 1is rigorous with respect to
documentation,  following  guidelines  on
conducting a heuristic evaluation. In fact, in the
future, having multiple people conduct evaluation
tasks can increase reliability  through
triangulation.

4.5 Limitations

While heuristic evaluation is a well-
established approach for identifying usability
issues during the early phases of system
assessment, it cannot fully replace testing with
actual users. Because this approach relied on
expert analysis rather than direct observation or
experimental data from system operators, certain
usability problems tied to real-world usage, such
as those influenced by operational pressure,
complex workflows, or varying levels of user
experience, may not have been fully captured.

In addition, the scope of the evaluation
was limited to two representative fog and edge
computing platforms. These systems were chosen
for their relevance and for reflecting common
architectural features, yet the findings may not
extend to every platform in this category.
Differences in how mature the software is, who
the users are, and the specific environments in
which the systems are used can all influence the
kinds of usability issues that may arise.

In addition, the scope of assessment has
been limited to two representative fog and edge
computing platforms. The reason is that such
systems are representative but may not necessarily
generalize to all platforms categorized under fog
and edge computing platforms. This is attributed
to software development stages, user base, as well
as the environment in which such platforms are
used.

Despite these limitations, the study
provides key findings regarding ubiquitous
interface design issues in fog and edge
environments. The resulting issues and proposed
solutions are a starting point for follow-up
research and design improvement, ideally based
on empirical user testing, larger sampling of
platforms, and longitudinal studies for identifying
evolving trends in use.

5. Findings

This study conducted a heuristic
evaluation of two fog and edge computing
dashboards, namely EdgeX Foundry and
FogFlow. The evaluation process identified
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nineteen unique usability issues categorized under
five established heuristic principles. These results
indicate multiple interface deficiencies that may
adversely affect system administration efficiency
and operational safety.

Table 1I. Identified Usability Issues Based on
Nielsen’s Heuristics and Severity Ratings.

Heuristic Usability Issue | Severity

(0-4)

1. Inconsistent
use of
terminology
across modules
2. Varied
iconography for 2
similar functions
3. Inconsistent
layout between
dashboard
sections

4. Unclear or
inconsistent
labeling of 3
navigation and
action items

5. No undo
function for 4
critical actions
6. Missing
confirmation
dialogs for 4
irreversible
changes

7. Lack of
versioning or
rollback
functionality

8. Delayed or
missing feedback
during key
operations

9. Absence of a
centralized real-
time system
health overview
10. Vague error
messages lacking
actionable
information

11. Insufficient
feedback on
background
processes

Consistency
and Standards

User Control
and Freedom

Visibility of
System Status




12. Lack of input
validation for 4
critical fields
13. Absence of
guided
workflows 3
during complex
configurations
14. No warnings
for potentially
harmful 4
parameter
settings

15. Advanced
options presented
without 2
sufficient context
or explanations
16. No
contextual help
17. No
onboarding
guidance for
first-time users
18. Help
materials located
externally and 2
not integrated
into the interface
19. Ineffective or
absent search
functionality in
documentation

Error
Prevention

Help and
Documentation

5.1 Consistency and Standards

One of the frequent usability issues on
both systems was the inconsistency of the visual
organization and terminology. In EdgeX
Foundry, for example, words like "device,"
"node," and "endpoint" were used
interchangeably but without any background
information or definition. Such inconsistency is
liable to mislead users and makes it difficult for
users to know how the system is structured or how
its components relate to one another.

Therefore, the FogFlow dashboard was
also inconsistent in its menu organization and
button placement between modules.
Inconsistency in navigation behaviors resulted in
the fact that users would need to acquire new
control patterns every time they shifted views,
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potentially adding more cognitive effort as well as
possibility of error in operation.

Figure 1. Inconsistent Terminology

5.2 User Control and Freedom

EdgeX Foundry

* “Device” vs “Node” vs “Endpoint”

FogFlow

 “Service” vs “Task” vs “Function”

There were no adequate controls on either
dashboard to reverse a motion or verify possibly
harmful actions. For example, EdgeX Foundry
increased the risk of inadvertent data loss by
removing a confirmation popup when users erased
a device or service. FogFlow also lacked an undo
mechanism for config changes, making it hard for
the user to simply recover from errors.

Moreover, navigation paths were occasionally
rigid with little provision for backtracking or
crossing parallel paths without the need to restart
operations. This constraint made error recovery
difficult and decreased confidence from the user
during complex maneuvers.

EdgeX Foundry — Device Removal Action
[ Remove Device |

No “Are you sure?” prompt

FogFlow — Remove Processing Node

Figure 2. Missing Confirmation Dialogs for
Critical Operations.

5.3 Visibility of System Status

Immediate and direct feedback on
system status is critical in distributed computing
resource management. Both dashboards were
lacking it. EdgeX Foundry had very little real-
time feedback on services available and devices
online, and multiple manual refreshes or visiting
specific logs had to be performed to establish
system well-being. Such a delay in feedback can



introduce uncertainty and delayed response in
critical scenarios.

FogFlow's alerting was minimalist and
sometimes infrequent, failing to adequately notify
users of important events such as node failure or
job completion. Actors had incomplete system
state awareness, which compromises situational
awareness.

EdgeX Foundry Layout
* Devices
« Services

* Metadata modules (scattered)

Figure 3. Lack of Real-Time System Status
Visibility.

5.4 Error Prevention

Preventing errors before they occur is a
basic design goal that was not discussed
adequately. Neither platform integrated form
validation consistently. For example, EdgeX
Foundry allowed for filling in or submitting
partially null or inaccurately filled-out device
registration data, which instigated backend faults
difficult to interpret or correct by users.

FogFlow also lacked guided workflows or inline
help that could steer users away from errors.
Failure to have proactive error prevention can
result in increased levels of operational faults and
maintenance overhead.

5.5 Help and Documentation

Both  dashboards  lacked  ready
documentation and support. Internal help was
light, and most support consisted of separate,
static reference websites. This required customers
to leave the dashboard just to switch settings or
debug problems, disrupting their workflow and
making routine processes even more frustrating
than necessary.

This disconnects between the dashboard
and help resources disrupts workflow and can lead
to frustration, particularly for new or less
experienced administrators.

In summary, the findings disclose key
usability shortcomings that need to be addressed
to make fog and edge computing dashboards more
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user-friendly and dependable for
operational use.

everyday

Figure 4. Comparison of Dashboard Structures.

EdgeX Foundry Example
* Manual refresh required
* No immediate device online/offline

indicator

6. Discussion

The heuristic evaluation results identify
significant usability flaws in fog and edge
computing dashboards to confirm the primary
hypothesis that such interfaces lack elementary
human-centered  design  principles.  These
shortcomings have long-term implications on the
efficiency, accuracy, and overall user experience
of administrators overseeing distributed IoT
systems.

6.1 Terminology and Inconsistencies
Issues

Terminological and graphical design
inconsistencies undermine users' ability to form
stable mental models, essential for effective
decision-making and error avoidance in complex
systems [7]. As dashboards utilize
interchangeable or vague vocabulary, users put
cognitive effort into only interpreting interface
language instead of task goals. This slows down
processes and potentially increases chances for
misinterpretation, especially where time pressures
typical of real-world deployment apply.

These findings are in alignment with
previous research conducted in industrial SCADA
and clinical dashboards, when it was identified
that standardization of vocabulary was essential to
avoid confusion and improve learnability [11]
[15]. For fog and edge platforms, having a
standardized vocabulary and visual language
becomes even more important given the technical
heterogeneity of IoT devices and services.

6.2 The Critical Role of User Control

Lack of undo function and confirm
dialogs is a serious usability risk. In dynamic
systems where configurational changes have



extensive effects, operators should be allowed to
experiment and correct errors freely without
endangering irreversible harm. The absence of
such facilities not only introduces stress but can
lead to operational errors with costly
repercussions.

This reflects usability principles in
general terms across HCI literature [5][12], but
appears under-discussed in fog and edge
computing platforms, feasibly because the
technical focus of these tools deflects from
usability concerns. More robust user control
mechanisms need to be emphasized to empower
operators and reduce errors.

6.3 Visibility of System Status and
Real-Time Feedback

The two systems did not support evident
and prompt system status indicators, and this
undermines situational awareness. This awareness
is a strong predictor of effective monitoring and
swift decision-making. [3]. Without the instant
feedback, the users are never certain if an
operation was performed effectively or devices
were functioning properly. Such ambiguity can
delay important actions and lead to
misconceptions about the status of the system.

Real-time feedback has been documented as a key
component of usable system design, particularly
in cases where continuous attention is demanded
[4]. The study indicates that fog and edge
dashboard developers to improve notice
mechanisms and to incorporate automated status
updates more effectively.

6.4 Error Prevention in Practice

The evaluation showed a tendency to
focus on error detection rather than proactive error
prevention. Modern usability models focus on the
development of interfaces that prevent users from
making errors in the first place [8]. These include
form validations, guided workflows, and
contextual suggestions.

Due to the technical complexity and
mission-critical nature of fog and edge computing
systems, interfaces should proactively assist users
by validating inputs and warning users about
potential conflicts or misconfigurations before
changes are submitted. This preventative design
reduces operational risks and eases training for
new users.

6.5 Help and Documentation
Integration
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The disperse and poorly integrated help
materials found in both systems disrupt workflow
and reduce usability, particularly among new
users to both sites. The embedding of contextual,
accessible  help  within  dashboards can
significantly increase wuser confidence and
productivity, as documented in usability best
practices [2].

Use of static documentation instead of
embedded support may be a side effect of the
open-source nature of these projects with limited
resources for designing user experience.
However, as usage grows, it will be important to
prioritize using embedded help to allow for larger
user bases.

In summary, this study applies heuristic
assessment to fog and edge computing
dashboards, a crucial component of contemporary
IoT systems, occupying a largely unexplored area
in usability research. The findings suggest that
most usability issues encountered in industrial and
clinical dashboards are applicable to these
systems as well, with their own set of challenges
in the environment of fog and edge computing.

Future research should build upon these results by
including actual operators in user testing, testing a
more diverse range of platforms, and exploring
interface designs that adapt to the experience level
of the user.

These findings also indicate that the fog
and edge computing community has a need
overall for increased support for usability. The
improvement of dashboard design cannot be
limited to merely meeting the performance
requirements but should continue to emphasize

human-centered development practices. The
open-source  community,  designers, and
researchers should increase collaboration to
optimize design standards, enhance the

development integration for usability, as well as
validate the design with end-users. This is
essential for making such platforms reliable, user-
friendly, and more usable, especially given the
increased importance of fog computing platforms
within IoT infrastructure.

7. Conclusion

Even though this assessment has
identified a number of usability problems within
the two platforms used, the assessment results
need to be considered as preliminary, as they are
not a conclusive determination concerning all fog
and edge computing dashboard interfaces. As



edge and fog computing infrastructures become
more central to distributed loT management, the
usability of their control panels becomes critical.
This work found extensive usability shortcomings
through a rigorous heuristic evaluation,
identifying significant issues ranging from lack of
consistent terminology, minimal user control
features, lack of immediate feedback, and lack of
integrated help facilities. In sophisticated IoT

environments, such vulnerabilities erode the
efficiency, security, and well-being of the
administrators.

To address these gaps, there must be a
shared vocabulary for the interface and a shared
look and feel to support such systems. This
approach enhances clarity and reduces confusion
for users. An extension of control features such as
undo and redo actions, confirmation prompts, and
audit trails can lead users to make aggressive
actions without fear of making irreversible
mistakes. In addition, greater visibility of system
state through clearly visible alerts and readily
accessible notifications enhances situational
awareness and timely decision-making. As
similarly useful, contextual assistance features in
dashboards, such as tooltips and guided tours, can
also support user independence and allow new
users to get settled in earlier. Finally, employing
preventive usability practices like input validation
and context-sensitive tips can avoid errors from
happening at all, and therefore the system is stable
and manageable.

By incorporating these human-centered
design principles, fog and edge dashboards may
better support the demands of distributed IoT
infrastructures by improving security,
productivity, and usability. Looking ahead, future
research should build on these findings by
conducting empirical user studies, developing
adaptive interface prototypes for both novice and
experienced users, and evaluating a broader range
of open-source and commercial platforms.
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ABSTRACT —This research aims to examine the digital ecosystem supporting the design and
development of an interactive multimedia platform using virtual reality (VR) technology, and to
evaluate the performance of the cross-device VR-based multimedia platform. Experimental
results indicate that the proposed digital ecosystem efficiently supports both VR Desktop and VR
Meta Quest 2 environments. Performance testing shows that the VR Desktop configuration
achieves an average frame rate of 107.83 FPS, with response time and latency values below 50 ms,
whereas the Meta Quest 2 achieves an average frame rate of 86.63 FPS and exhibits slightly higher
latency relative to the VR Desktop. Expert evaluations showed that the VR Desktop received the
highest score (x = 4.46), reflecting its stability and display quality. Furthermore, the satisfaction
assessment involving 60 participants indicated that interaction between the VR Desktop and Meta
Quest 2 (360° mode) yielded a mean score of 4.33 (S.D. = 0.71), while interaction between the Meta
Quest 2 and Meta Quest 2 (360° mode) yielded a mean score of 4.50 (S.D. = 0.50). In conclusion,
the integration of these systems substantially enhanced the effectiveness and performance of the
virtual learning ecosystem.

KEY WORDS -- Virtual reality technology, Interactive multimedia, Cross-device VR, Human—
technology interaction, Accessibility
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ABSTRACT — This study proposes a guideline for rapid content-based game development within
the Unity web ecosystem, focusing on processes that clearly separate team roles to improve
flexibility, usability, and collaboration efficiency. By comparing traditional CMS-based
approaches with a web-driven process, the findings show that the proposed method reduces
overall development time by multiple of times, enables independent task execution, and ensures
stronger protection of the game’s core source code. The proposed process thus provides a practical
and scalable solution for modern game production, where speed, security, and adaptability are
critical.
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// Assume UnityInstance is your WebGL build instance
function injectContent(jsonData) {

// Convert JSON object to string

const jsonString = JSON.stringify(jsonData);

// Send the content to Unity runtime via SendMessage

// GameObject: "WebContentManager", Method: "ApplyContent", Param:
jsonString

UnityInstance.SendMessage('WebContentManager', 'ApplyContent’,
jsonString) ;

}

// Example usage

const newContent = {
stageName: "Level 01",
dialogues: ["Welcome!"™, "Collect all items to proceed."],
assetUrls: ["assets/character.png", "assets/item.png"]

};

// Trigger content injection
injectContent(newContent);
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ABSTRACT

This study applies the association rule mining to identify critical clinical patterns linked to
different stages of liver cirrhosis. Utilizing data from the Mayo Clinic primary biliary cirrhosis
trial (1974-1984), the research analyzed 5,805 patient records after applying inclusion and
exclusion criteria. The Apriori algorithm was used to extract association rules, with measures
including support, confidence, and lift. The analysis revealed distinct factors associated with each
disease stage. For instance, Stage 1 was strongly linked with normal laboratory values like SGOT
and bilirubin. Stage 3 was predominantly associated with abnormal clinical markers, including
prothrombin time high, platelets count low, and age over 60. A dendrogram further clustered
these factors, visually reinforcing the associations. The discovered rules provide valuable insights
into the combinations of clinical and laboratory features that characterize cirrhosis progression.
These findings can aid in early risk stratification and inform clinical decision-making for targeted
patient management.

KEY WORDS -- Association Rule Mining, Liver Cirrhosis, Disease Severity, Clinical Factors
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Y
asdaiilunumiiesdeyasdraumsnate [10, 1]
o a =
3. HaN1INAadasAID T VIS IDN

v

QWH?ﬁﬂﬁi%}ﬂgﬂsﬁ}ﬂyﬁ Navigating Liver Cirrhosis :

o <
Diagnosing the stage gy lod www.kaggle.com

9
[12] H$maudeyannua 25,000 319 910 Mayo Clinic study
Tusennadl a.a. 1974 D9 1984 dwaaslumseh 2 Weih
) ¢ v Y Y A, ] a9 ¥
ﬂ?ﬁﬁ?ﬂ‘]jﬂﬂlﬂuﬁﬁﬁ?ﬂmm“ﬂﬂ1§ﬂ§°‘l!51ﬂ!,m'311ﬂ1u'J“HGUE)M“@VIGL“B
9 v
TuauiTeasaiisiuau 5,805 5193



= P o A °
FIITINN 2. ﬁ?ﬂ?ﬂﬂ/@yﬁﬁ7ﬂ!ﬁmmﬂ?5ﬂﬂl"lﬂ fneen 314U

5,805 518015

No Podelsn NUIUIY %
1 Status_C 3,437 59.2%
2 Status_ D 2,368 40.8%
3 Bilirubin_normal 3,228 55.6%
4 Bilirubin_high 2,577 44.4%
5 Cholesterol_Normal 295 5.1%
6 Cholesterol_High 5,510 94.9%
7 Albumin_Low 2,792 48.1%
8 Albumin_Normal 3,013 51.9%
9 Copper_low 221 3.8%
10 Copper_Normal 1,535 26.4%
11 Copper_High 4,049 69.8%
12 SGOT_Normal 23 0.4%
13 SGOT_High 5,782 99.6%
14 | Tryglicerides_normal 4,874 84.0%
15 Tryglicerides_high 931 16.0%
16 Platelets Low 822 14.2%
17 Platelets Normal 4,545 78.3%
18 Platelets High 438 7.5%
19 Prothrombin_Normal 5,636 97.1%
20 Prothrombin_High 169 2.9%
21 Sex F 5,246 90.4%
22 Sex_ M 559 9.6%
23 Ascites_Y 2,792 48.1%
24 Ascites_N 3,013 51.9%
25 Hepatomegaly Y 1,949 33.6%
26 Hepatomegaly N 3,856 66.4%
27 Spiders_Y 3,461 59.6%
28 Spiders_N 2,344 40.4%
29 Edema_ Y 207 3.6%
30 Edema N 4,862 83.8%
31 Stage 1 1,773 30.5%
32 Stage 2 2,007 34.6%
33 Stage 3 2,025 34.9%

FwazdendoyaudaIntil 1) #4011z (Status) 59.2% censored
(3,437) death 40.8% (2,368) 2) 11a31i1 (bilirubin) normal 55.6%
(3,228) high 44.4% (2,577) 3) AvLadf830a (cholesterol) normal
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5.1% high 94.9% (5,510) 4) é”a@u (albumin) low 48.1%
(2,792) normal 52.9% (3,013) 5) NoLLAY (copper) low 3.8%
(221) normal 26.4% (1,535) high 69.8% (4,049) 6) 3&@l
o137 SGOT 130 AST (aspartate aminotransferase) normal
0.4% (23) High 99.6% (5,782) 7) lasnawse 154 (triglycerides)
normal 84.0% (4,874) high 16.0% (931) 8) naaidon (platelet)
low 14.2% (822) Normal 78.3% (4,545) high 7.5% (438) 9) T
5n5ouTU (Prothrombin) normal 97.1% (5,636) high 2.9%
(169) 10) 1Wel (Sex) Female 90.4% (5,246) Male 9.6% (559)
11) ROWU (ascites) Yes 48.1% (2,792) No 51.9% (3,013) 12)
aula (hepatomegaly) Yes 33.6% (1,949) No 66.4% (3,856)
13) ﬁugﬂumuu (spiders) Yes 59.6% (3,461) No 40.4%
(2,344) 14) VW (edema) Yes 3.6% (207) No 83.8% (4,862)
15) annz lsaduuia (Stage) Stage 130.5% (1,773) Stage 2
34.6% (2,007) Stage_3 34.9% (2,025)

MIMINGANUAUNUTIAAS LHS (Left hand side)
umsszyilaseiinel¥iia wag RHS (Right hand side) 15y
m3szyaazlsaduudalasariinaadmdundsay
dou'lymsdaidh faveniilerunismsmimsaiang
anudniud Iditanua 631 ngaauduniug

s A 9 o

{ v o o d
A1519% 3UAAINYANUANNUTNINYIVDIN Tsaauude

2oz 1 5090 Lift gaga 10 S19uusn

R LHS RHS Sup Conf Lift
1 SGOT_Normal Stage_1 0.002 0.006 1.566
2 Copper_low Stage_1 0.017 0.056 1.481
3 Platelets_High Stage_1 0.031 0.102 1.346
4 Status_C Stage_1 0.220 0.722 1.219
5 Bilirubin_Nornal Stage_1 0.205 0.671 1.207
6 Albumin_Normal Stage_1 0.178 0.584 1.125
7 Age 41_60 Stage_1 0.223 | 0.730 1.078
8 Copper_Normal Stage_1 0.086 0.283 1.069
9 Triglycerides_Normal | Stage 1 0.273 0.893 1.063
10 Platelets_Normal Stage_1 0.241 0.788 1.007

R: rule; Sup: support; Conf: confidence; LHS: left hand side;
RHS: right hand side

q' N = Y o v 3
M1319% 3 uaaIngANUFNNUENNeITe iy TsaduIY
Stage 1 3890WA1 Lift gaga 10 S19UL50 NYANNFNITUT
Wdenun 1dunszauenlel SGOT nagman1snsnani

a oA { I 1 a o
Woulfifans nldwaitluailn@d (Normal) $109u 5 518m13
Taunszay Bilirubin, Albumin, Copper, Triglycerides o ¢

' < 1A o v Ao 3 oY 1
Platelets 0619 I3 Aaumnianudiag vy Idun



o v

Copper Low, Platelets High, Age 41- 60 1dvendetfadenduriug
o v 3 A
nulsadundeluszezi 1(Stage 1)

/:' v o dadd 9 o v 3 d'
ATNN 4 Llﬁﬂ\‘]ﬂQﬂ'ﬂiJﬁllWH‘ﬁ‘ﬂLﬂEl'J‘Uﬂ\iﬂﬂIﬁﬂﬁll!!‘ll\ﬁ%ﬂgﬂ

2 (Stage_2) (38901A1 Lift gaga 10 d1AULIN

R LHS RHS Sup Conf Lift
1 Age 21 40 Stage 2 | 0.055 | 0.159 | 1.218
2 Albumin_Normal Stage 2 | 0.214 | 0.619 | 1.192
3 Copper_Normal Stage 2 | 0.108 | 0313 | 1.183
4 Tryglicerides_high Stage 2 | 0.064 | 0.185 | 1.156
5 SGOT_Normal Stage 2 | 0.002 | 0.004 | 1.132
6 Status_C Stage 2 | 0.225 | 0.652 | 1.102
7 Platelets_Normal Stage 2 | 0.290 | 0.840 | 1.072
8 Bilirubin_Nornal Stage 2 | 0.205 | 0.594 | 1.068
9 Age 41_60 Stage 2 | 0.244 | 0.706 | 1.042
10 Prothrombin_Normal Stage 2 | 0.343 | 0.992 | 1.022

R: rule; Sup: support; Conf: confidence; LHS: left hand side; RHS:
right hand side

A v o JA o Y a @
Tum15190 4 uaae nganuduiusimlding Tsndy
< y ' o w

u9932821 2 (Stage 2) 1ABITEIAINAT Lift gaga 10 16ULIN

v o { A o o d {
ngANuduRusineddeety Tsaduudeszezii 2 (Stage 2)

' TR { o A {

18un Age 41- 60 1Hussergniluleseninaniniiga nazwa
M3As9Mieliian1s Auaaaa1)nd (normal) 109U 5
sren1sldun Albumin, Copper, SGOT, Platelets, It 0 &

. 1 <3 = . . . A d '
Prothrombin 0613 15Aa10A1 Ttilo Triglycerides High Milua
a add o o 3 =
AanlnanneanuIsaduuieluszez 2( Stage 2)

q' v o dadd 9 o v d'
ANTNN 5 Llﬁﬂ\‘]ﬂQﬂ’ﬂiJﬁllW‘Ll‘ﬁ‘ﬂ!ﬂEl’J‘UﬂﬂmJIiﬂﬁll!!‘llﬂi%ﬂ%‘ﬂ

3 (Stage 3) 1389M1WAN Lift gaga 10 d1AULIN

R LHS RHS Sup Conf Lift

1 Prothrombin_High Stage 3 0.019 | 0.054 | 1.866
2 Platelets_ Low Stage 3 0.078 | 0.223 | 1.573
3 Age_over_60 Stage 3 0.100 | 0.286 | 1.494
4 Status_D Stage 3 0.203 | 0.581 | 1.425
5 Cholesterol Normal Stage 3 0.024 | 0.069 | 1.360
6 Albumin_low Stage 3 0.222 | 0.637 | 1.323
7 Bilirubin_high Stage 3 | 0.203 | 0.582 | 1.312
8 Tryglicerides_high Stage 3 0.064 | 0.182 | 1.136
9 Copper_High Stage_3 0.269 | 0.772 | 1.107
10 SGOT_High Stage 3 | 0.348 | 0.999 | 1.002

R: rule; Sup: support; Conf: confidence; LHS: left hand side; RHS:
right hand side
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{ v o { o a Y]
lua1319fi s naasnganuduius i fina lsaduuda
33027 3 (Stage 3) (38990 1WAT Lift g9g@ 10 S1AVUIN N

o o odoa . 44 9 o -
ANUFURUTIE0NNT ArgaganinedteanuTsnduds
=t y y A oa
52827 3 (Stage 3) lAunwan1sasaMIaielfiianis
Prothrombin High, Platelets low, Age over 60, Status Dead,
Albumin Low, Bilirubin High, Triglycerides High, Copper

High, 1182 SGOT High

Copper_High
Albumin_low
Bilirubin_Righ
Stafus’D
Stage_3
Spiders_Y
Ascites”Y
Age_over_60
Tryglicerides_normal
" SGOT_IIhgn
epatomegaly_|
Edema N
Cholesterol_High
Prothrombin_Normal

ex_|
Platelets_Normal
Age_4

Bilirubin "nornal
Status_C
Albumin_Normal
tage_2
Copper_Normal
Spiders_N
Ascites_N
Hepatomegaly_Y
Stage_1

Tryglicerides_high
Platelets_Low
Age_21_40
Sex_M

ex
Platelets_High
Cholesterol Normal
Edema_Y
Copper_low
Prothrombin_Righ
SGOT_Normal

0 50 100

gﬂﬁ 1. 4@AN Dendrogram 1% Complete-linkage fl Lifi vo3
o = o
tavemana lsaauuda

g‘ﬂﬁ 1 U@ Dendrogram 14 Complete-linkage 1 Lift Y03
Jasemunalsaduuds Taefvualial Threshold N3zAy

s awnsoutanguvesvoya’la 3 nqu Tasidenuninaue
Tumiiaand 1dun

1.HAN15A529N191 091 §17AN15 Copper High, Albumin
Low, Bilirubin High, Status Dead, Spider Yes lla1g Ascites Yes
ogngquineaiuTsaduuiaszesd 3 (Stage 3)

2. HaN13A529M19% 091/ {17AN15 SGOT High, Cholesterol
High agimjmﬁmﬁﬂsﬂﬁuwﬁaizaz‘ﬁ 2 (Stage 2)

3. HANIATIINNHR 091 J1TANS Triglycerides High, Edema
Yes, Copper Low, Prothrombin High aginzjmﬁmﬁuiﬁﬂﬁu
uSaszosd 1 (Stage 1)

4. unayuezmseae

A o

a0 X s A
NuITenndagilszasdienigluyy
AMUAUWUS (association rules) 11NToYaveefiie TsAdy
< aa
i3 Taglddoyan liuazemsmanidin wansasnami

A an o o d
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A o & A a v o
naaeInyN fihe Tsnduudaszosi 1 (Stage 1) BaNudunus
fudanils wanisasramianesdfiianis 1dun Copper A1,
Platelets @4, Triglycerides §4 Prothrombin time § innzuaw

4 P S | Aa ad g9
11 (Edema) 1182 01g 41-60 1 B319¥ANHAUNAGTUAUYDA
@ < o o U § @ 1y
Tsaduuds dmsudile s2esii 2 (Stage 2) wungANUFURUS
A Y] = B A wa
Nilszneudie 818 41-60 1, wuwanisasranavenl Jiiams
Triglycerides g4, SGOT g4 tag Cholesterol g4 “lummzﬁwfﬂaﬂ
§ 2 g v o v o
52027 3 (Stage 3) FuTuszorunsa nuanuduiusiud
a a 9 1 Y a oA
wilsAninavatedlsznis Taun wumaniaiesliiants
Prothrombin § 4, Platelets ﬁh, 21y 1NN 60%, Albumin Gh,
Bilirubin 4, Triglycerides g4, Copper g4, SGOT g null ﬁugﬂ
UNYY (Spider Yes) uag ey (Ascites Yes) Iﬂﬂgﬂtmﬂ
v o Ia 2 a o 3 v Ao o A
yoanNuduusAND N1l Tomivaziludeyandianive
v o 1A ci « @ o & o
Tdiluanissanudsasomsnensal lsnaundalugihe
= PRl o 3 Ay Yo o
vinmisandieTsaduudesi lasunmsinulu
Tsanenna wunidihetionms dula Augiuuayy fesaz 38
FIa0AAEDINY N1TANYIVD Sakkarin C Ay Ame [13]
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= (A a @ < [
mmsanu luTsaneuna wongihenalsaduudanienas
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@ Ed Y1y I A A 1
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ABSTRACT

This study employed a literature review and analysis of relevant documents to identify critical factors influencing the implementation
of Al The findings revealed four main factors affecting Al adoption (1) Technology and innovation readiness—organizations with robust
infrastructure and continuous innovation development are more capable of implementing Al effectively (2) Training and human resource
development—providing staff with necessary training and skill development enhances the efficiency of Al adoption within organizations (3)
Change management—planned approaches and support from management are crucial for organizations to adapt and smoothly accept Al
implementation and (4) Ongoing evaluation and improvement—continual assessment and enhancement of Al systems contribute to more
effective utilization. Furthermore, ensuring Al system security is an important consideration. This research can serve as a guideline for
organizations planning to adopt Al efficiently, helping to enhance competitiveness and foster innovation.

KEYWORDS: Artificial Intelligence, Change Management, Innovation, Organizational Adoption, Training and Development
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ABSTRACT - This paper presents the development and implementation of an IoT-enabled
gas leak detection and alert system designed to improve safety in environments where LPG
and similar gases are used. This system monitors gas concentration in real-time using the MQ-
5 gas sensor integrated with the ESP8266 NodeMCU V2 microcontroller. When gas levels
exceed safe thresholds, a multi-level alert system is triggered, which includes notifications via
LINE Notify and an automatic shut-off mechanism to close the gas valve using a Servo Motor.
The system operates autonomously, providing rapid responses to mitigate risks associated
with gas leaks. Our results demonstrate the effectiveness of this system in reducing the risks
of health hazards and fire outbreaks due to gas leaks.

KEYWORDS -- Gas leak detection, Internet of Things, Sensor
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