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MACHINE LEARNING-BASED AIR QUALITY
ASSESSMENT AND EXPLAINABLE RULE
EXTRACTION: A SOFT-SENSOR
FRAMEWORK AND URBAN CASE STUDY

Aleyna SEVIMLI!
Arzum KARATAS?

1. INTRODUCTION

Air quality classification is a pressing concern both
globally and in Turkey, carrying direct implications for public
health, environmental sustainability, and economic resilience.
Elevated concentrations of pollutants such as particulate matter
(PM10, PM2.5), nitrogen dioxide (NO:), ozone (Os), carbon
monoxide (CO), and sulfur dioxide (SO:) are known to cause
severe respiratory and cardiovascular diseases, posing serious
risks to human life (Zencirci & Isikli, 2017). Moreover, poor air
quality can damage vegetation, pollute water resources, and
disrupt ecosystems, ultimately reducing agricultural productivity
and threatening biodiversity.

Ankara, the capital of Turkey, ranks among the most
polluted cities in the country. The Ulus district, in particular, has
emerged as a critical hotspot due to unchecked industrial
emissions and a rapidly growing vehicle population. According
to the World Air Quality Index, Ulus consistently records some
of the highest pollution levels nationwide. A Greenpeace report
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from 2023 states that residents of Ulus breathe polluted air for
nearly one-third of the year (Greenpeace Turkey, 2024), while
national media reports have compared its pollution levels
unfavorably to those of heavily industrialized regions in India and
China (Haber7, 2024).

In response to escalating environmental concerns, Turkey
enacted the Regulation on the Protection of Air Quality in 1986
(Ministry of Justice of the Republic of Turkey, 2024), followed
by a series of targeted policies including the Regulation on
Control of Industrial Air Pollution, Gasoline and Diesel Quality,
Heating-Related Air Pollution, and the Air Quality Assessment
and Management By-law (Slmer, 2014). At the international
level, Turkey is a signatory to several key agreements such as the
Convention on Long-Range Transboundary Air Pollution, the
Vienna Convention and Montreal Protocol, the Kyoto Protocol,
and the Paris Agreement (Republic of Turkey Ministry of
Environment, Urbanization and Climate Change, 2024a).

To support evidence-based environmental governance,
the Ministry of Environment, Urbanization and Climate Change
established the National Air Quality Monitoring Network in
2005. This network comprises continuous monitoring centers
located in major cities and districts, including Ulus, and collects
real-time data on pollutants such as NOz, Os, SO., NHs, and
PM10. The data are publicly accessible via the national
monitoring portal and are categorized into six air quality levels:
good, moderate, sensitive, unhealthy, hazardous, and poor
(Republic of Turkey Ministry of Environment, Urbanization and
Climate Change, 2024b).

Despite the growing body of research on air quality
classification, most studies focus on national or metropolitan
scales, leaving localized high-risk areas like Ulus underexplored.
While the Air Quality Index (AQI) is typically calculated using
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deterministic formulas defined by regulations, implementing
Machine Learning (ML) models for this task offers distinct
engineering advantages. First, ML models can act as "soft
sensors,” capable of classifying air quality even when data for
specific pollutants is noisy or partially missing (imputation).
Second, interpretable models like Decision Trees perform "rule
extraction,” visualizing the hierarchy of pollutants affecting a
specific region. Therefore, this study does not aim to forecast
future values but to establish a robust, data-driven classification
framework that validates local pollution dynamics and supports
rapid decision-making mechanisms for the Ulus district.

1.1. Soft Sensors and Explainable Machine Learning
Frameworks

While the traditional Air Quality Index (AQI) is
calculated using deterministic formulas defined by regulatory
thresholds, implementing Machine Learning (ML) models
provides key engineering and operational advantages in smart
city frameworks:

1. Soft Sensing: ML models function as "soft sensors,"
predicting or classifying air quality status even when
specific hardware sensors experience temporary failure,
calibration drift, or missing data streams.

2. Rule Extraction & Explainability: Interpretable models
such as Decision Trees perform automated rule extraction,
uncovering explicit hierarchical pollutant thresholds that
drive local environmental warnings.

Therefore, this chapter establishes a robust, data-driven
soft-sensor framework that validates local pollution dynamics and
supports rapid decision-making mechanisms for high-risk urban
hotspots.
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The main contributions of this study to the literature and
engineering practice are threefold:

1. Localized Hotspot Analysis: It provides a localized ML-
based air quality classification specifically for the Ulus
district of Ankara, a high-risk region requiring tailored
decision support.

2. Soft Sensor & Rule Extraction: It utilizes decision tree
structures to extract explicit, human-readable pollution
rules (SNO_2$ and $PM_{10}$ thresholds),
demonstrating an explainable soft-sensor approach for
monitoring networks.

3. Regulatory Compliance & Modeling: Achieving
98.36% overall accuracy with Random Forest, the study
demonstrates that ensemble learning models effectively
mirror complex regulatory air quality categorization
without reliance on static deterministic lookup tables.

The remainder of this chapter is structured as follows:
Section 2 outlines the regulatory framework and health standards
for air pollutants. Section 3 reviews related data-driven
methodologies in the literature. Section 4 details the empirical
workflow, soft-sensor architecture, and model parameters.
Section 5 presents performance benchmarkings and rule
extraction dynamics. Finally, Section 6 concludes with strategic
recommendations for smart-city environmental monitoring.

2. AIR QUALITY CLASSES AND POLLUTANT
CHARACTERISTICS

Air quality assessment relies on evaluating physical
concentrations of key atmospheric pollutants. Table 1
summarizes the primary pollutants, their anthropogenic/natural
sources, and associated health impacts.
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Table 1. Sources of pollutants and their health effects (Zencirci &

Isikli, 2017)
Potential
Pollutant Main Source Environmental and
Health Impacts
*Coal-fired thermal power plant *» Nasal irritation
Sulfur A .
dioxide . O|I.ref|!1ery _ * Respiratory tract
* Solid, liquid fuels for heating purposes spasms
*Decreased oxygen level
in the blood
Nitrogen * Motor vehicles *Respiratory tract
oxides * High temperature combustion processes |irritation
* Susceptibility to
infection
* Heart attack and
. - Solid, liquid fuels pudden death
Particulate . . » Asthma attacks
» Agriculture and secondary chemical -
Matter - *Respiratory tract
reactions AL
irritation
» Cancer
Carbon Vehicle emissions » Headache
. *Metal processing industry .
Monoxide - e Drowning
> Wood burning
* Impaired lung function
*Photochemical processes from pollutants in |» Damage to lung
Ozone anthropogenic sources such as power plants, [structure in chronic
refineries, chemical plants exposure

National monitoring frameworks assign air quality status
into six distinct categories. Table 2 outlines these health risk
classifications as defined by official standards.

Table 2. Air quality classes (T. R. Ministry of Environment,
Urbanization and Climate Change, 2024)

Quality Class Description

Good JAir quality is healthy. Low or no risk of air pollution.

Moderate )Air quality is acceptable. However, some pollutants may pose a
health risk to sensitive groups.

Sensitive Health effects may occur for sensitive groups (e.g. children, the
elderly and people with respiratory conditions).

Unhealthy There may be adverse effects on the health of the general
population. Serious health effects are possible for sensitive groups.

Poor/Bad For everyone, the health effects can be serious. Health warnings
become common.

Dangerous Emergency health warnings. Health risks for the general
population are very high.
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3. RELATED WORK

Several studies have applied decision-tree-based
approaches to air quality classification. Kujaroentavon, Kiattisin
& Leelasantitham (2014) used Os, NO2, CO, SO2 and PM10 as
inputs for a decision tree model in Thailand, achieving 96.8%
accuracy. Gore and Deshpande (2018) compared decision tree
and Naive Bayes classifiers using NO2, SO2, CO and O3. They
obtained about 92% accuracy in decision tree model and 86.7%
accuracy in Naive Bayes model. Mahalingam et al. (2019) applied
neural networks and support vector machines to PM10, PM2.5,
NO2, O3, CO, SO2, NH3 and Pb data for smart-city air quality
classification.They obtained 97.3% accuracy in support vector
machines and 91.62% accuracy in neural networks.

Several urban studies focused on Jakarta's air monitoring
data. Evaluated. Putra & Sitanggang (2020) evaluted Decision
Trees and Random Forests across multi-year pollutant datasets,
finding Random Forest to yield 99.97% accuracy on 2017 records
and Decision Trees achieving 98.28% on 2018 records. Hamami
& Dahlan (2022) ompared Logistic Regression, k-NN, Decision
Trees, and Random Forests, noting that tuned Decision Trees
reached 100% classification accuracy on selected environmental
parameters. Sari and Purwaningsih (2022) applied Artificial
Neural Networks to the same pollutant set, reporting 97.76%
accuracy. Handayani, Soim, Agusdi & Husni (2021) used support
vector machines on CO, CO2, HC and PM10 pollutant values and
temperature attributes, achieving 95.02% accuracy, while
Sanmorino, Alie, Ariati & Wulanda (2022) applied k-nearest
neighbor classification using CO, SO2, NO2, PM10 and O3 in
Palembang, achieving 80% accuracy.

Recent studies have addressed data imbalance and missing
value imputation. Jayadi, Lauro, Rusdi & Handhayani (2024)
evaluated classification performance under class imbalance in
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Jakarta, obtaining optimal results with Decision Trees (99%
accuracy, 98% F1-score). Krisbiantoro, Waluyo, Hasanah,
Pratama & Sarmini (2024) demonstrated that Random Forest and
stacking ensembles provided high robustness when managing
missing values and severe outliers. Hybrid deep learning
approaches, such as ARIMA-ANN models proposed by Al-
Jawahry, Ramyateja, Reddy, Ramadan & Maharajan (2023),
achieved 93% accuracy in time-series index forecasting. Sasmita
et al. (2024) compared Decision Trees against k-NN algorithms
in Indonesia, demonstrating Decision Tree superiority (90.67%
vs. 84.91%).

While existing literature largely focuses on country-wide
or broad metropolitan scales, localized analysis of high-density
pollution corridors remains essential. This study fills this gap by
deploying an explainable soft-sensor framework specifically
tailored to the historical air profile of the Ulus district in Ankara.

4. METHODOLOGY AND EXPERIMENTAL
SETUP

4.1. System Configuration and Workflow

Experiments were performed on an Intel Core i7 (9th Gen)
computational node equipped with 16 GB RAM and SSD storage
under Windows 10. Data processing, imputation, imbalance
handling, and model evaluations were executed in Python using
pandas, numpy, scikit-learn, imbalanced-learn, matplotlib, and
seaborn libraries.

Figure 1 outlines the methodological execution flow:

1. Continuous data ingestion from the national monitoring
network.

2. Quality inspection and missing value handling via k-Nearest
Neighbors Imputation (k-NN Imputer, k=5).
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3. Temporal split into independent training (2023-2024) and
evaluation (2024-2025) sets.

4. Synthetic Minority Over-sampling Technique (SMOTE)
applied strictly to the training set to prevent data leakage.

5. Classifier training, hyperparameter optimization, and

evaluation.
. N
Cm%rxiltr:)ur(i)rgg aclfl?etl)lef!lir Determinat
from the re r[c))?:teassin quality :lcw)cr)]d%];
center data prep 9 class for arameters
acquisition the data P )
The
Training of SMOTE
Testing of models algorithm
pg\r/;?{f;?gﬁe trained using was
models training applied to
data the training
data

Figure 1. Proposed Methodology and System Execution Flow
4.2. Dataset Description and Preprocessing

The dataset comprises continuous station records from the
Ulus monitoring station between July 1, 2023, and July 1, 2025
(Republic of Turkey Ministry of Environment, Urbanization and
Climate Change, 2024c). To ensure temporal evaluation
independence, records from 2023-2024 were assigned to training,
whereas records from 2024-2025 were reserved exclusively for
testing.

Table 3 summarizes sample distributions across target air
quality classes. Classes such as Unhealthy, Poor, and Dangerous
contained zero records during the observed timeframe due to
station data availability limits and regional air dynamics; hence,
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model evaluation focuses on observed classes (Good, Moderate,
Sensitive).

Table 3. Class Sample Distribution Across Temporal Splitting

Sets
Air quality class | Train number of instances Test number of instances
Good. 211 185
Middle 134 152
Sensitive 22 29
Total 367 366

Table 4 specifies input features and operational
measurement ranges utilized by the classifiers.

Table 4. Feature Attributes and Range Characteristics

# | Attribute | Description \Fgalue Explanation
ange
Particulate Values >520 trigger Dangerous
1| PM10 Matter 0-520 thresholds
2 | so2 Sulfur dioxide 0-1100 Values >1100 trigger Dangerous
thresholds
3 | NO2 N_|tr(_)gen 0-2000 Values >2000 trigger Dangerous
dioxide thresholds
4103 Ozone 0-700 Values >700 trigger Dangerous
thresholds
Carbon .
5| co Monoxide 0-32000 | Yalues >32000 trigger
Dangerous thresholds

4.3. Machine Learning Classifiers & Tuning
Parameters

Four supervised algorithms were selected and optimized:

o k-Nearest Neighbors (k-NN): Non-parametric lazy
learning model. Distance metric evaluations across k €
[1,30] revealed optimal performance at k = 1 using
Euclidean distance.

e Support Vector Machines (SVM): Maximum-margin
classifier. Parameter search using logarithmic grids (C €
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[1072,101°], y € [107°,103]) identified optimal
hyperparameters at C = 10.0 and y = 0.0001 with RBF
kernel.

o Decision Tree (DT): Explainable glass-box model. Tree
depth limits (None, 10, 20, 30, 40, 50) and leaf split
thresholds (2, 10, 20) yielded best performance at
unconstrained depth (None) and min_samples_split=2.

« Random Forest (RF): Ensemble bootstrap aggregation
model. Parameter sweeps on estimator count
(n_estimators=200) with automatic feature sub-sampling
produced maximum ensemble stability.

4.4. Evaluation Metrics

Performance was evaluated using standard classification
metrics derived from the Confusion Matrix (True Positives TP,
True Negatives TN, False Positives FP, False Negatives FN):

Table 5. TP, TN, FP and FN descriptions

TP | Examples where the model correctly predicts a positive
TN | Examples where the model correctly predicts a negative
FP | Instances that the model predicts as positive but are actually negative
FN | Instances where the model predicts negative but in reality are positive

TP + TN
Accuracy = 15T T FP ¥ FN )

TP
Recall _TP-I-—FN (2)
Precisi = TP 3
recision = 5——+ 3)

Precision X Recall
F1 Score =2 Precision + Recall )

10
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5. RESULTS AND DISCUSSION
5.1. Classifier Performance Comparison

Table 5 outlines class-wise performance and overall
classification metrics across models on the independent test
dataset.

Table 6. Performance Comparison of Machine Learning Models
(Class-wise Accuracy and Overall Metrics)

Metric / Class k-NN | SVM Decision Tree | Random Forest
Good (Class Acc.) 0.9027 | 0.8054 | 0.9675 0.9945
Moderate (Class Acc.) | 0.7631 | 0.8815 | 0.9736 0.9802
Sensitive (Class Acc.) 0.5172 | 0.4137 | 0.4482 0.9310
Overall Accuracy 0.8142 | 0.8060 | 0.9290 0.9836
Overall F1-Score 0.8102 | 0.8029 | 0.9233 0.9835

*Note: Classes with zero instances (Unhealthy, Bad, and Hazardous) are excluded. F1-
Score is the weighted average.

Tree-based ensemble learning achieved superior
performance. Random Forest obtained an overall classification
accuracy of 98.36% and a weighted F1-Score of 0.9835.
Crucially, while distance-based models (k-NN and SVM)
struggled with minority class recognition (Sensitive class
accuracy of 51.72% and 41.37%, respectively), Random Forest
correctly classified 93.10% of sensitive pollution events. This
performance highlights the capability of ensemble tree decision
boundaries to resolve non-linear, overlapping atmospheric feature
spaces.

11
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5.2. Soft-Sensor Rule Extraction

NOZ <= 192.913 pg/m?
samples = 633
class = Sensitive

T
¥
NOZ <= 100.289 pg/m*

samples = 439
class = Good

e N High Concentration
i \
PM10 == 49.785 pg/m? PM10 <= 96.440 pg/m?

samples = 250 samples = 189
class = Good class = Moderate

L}
Class: Sensitive

(Health Alert for Risk Group

N

P . /
True False True False

(
L] L] L] L

Class: Good Class: Moderate Class: Moderate Class: Sensitive
(Air Quality Satisfactory) (Acceptable Quality) (Acceptable Quality) (Health Alert for Risk Group

Figure 2. Decision tree visualization used in air quality
classification

The automated extraction vyields clear, human-
understandable environmental rules without manual AQI coding:

eRule 1 (Good Air Quality): If NO2 < 100.289 and
PM10 < 49.785, the air quality »>"Good".

eRule 2 (Moderate Air Quality): If NO2 < 100.289 and
PM10 is in the range (49.785, 113.24], the air quality —->
"Moderate".

eRule 3(Sensitive/Unhealthy): Higher concentrations,
specifically where NO2 > 192913, the air quality -
"Sensitive".

These extracted split boundaries match regulatory
breakpoints established in national air management guidelines.
This empirical alignment proves that soft-sensor machine
learning models can continuously monitor, audit, and validate
urban air status even under physical sensor telemetry loss.

12
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6. CONCLUSION

This chapter presented a data-driven soft-sensor
framework for air quality classification in high-risk urban
hotspots, using the Ulus district of Ankara as a representative case
study. By leveraging supervised machine learning models on
continuous monitoring data from 2023 to 2025, the study verified
that ensemble decision models accurately categorize air health
risk without reliance on static formula calculations.

The Random Forest model achieved high effectiveness
(98.36% accuracy, 0.9835 F1-Score), outperforming distance-
based classifiers in identifying minority sensitive pollution
events. Furthermore, decision tree rule extraction verified
NO, and PM,, as the dominant regional drivers. Historical
observations over the two-year period indicated that air quality
predominantly fluctuated between Good and Moderate levels,
interspersed with manageable Sensitive spikes.

Future work will expand this framework by incorporating
meteorological variables (wind direction, dispersion velocity,
ambient temperature, relative humidity) and integrating the
models into loT-driven smart city dashboards for real-time public
health advisories.

13
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ARTIFICIAL INTELLIGENCE APPLICATIONS
IN MULTIPARAMETRIC MRI FOR PROSTATE
CANCER DETECTION AND GRADING

Mecit YUZKAT!

1. INTRODUCTION

In recent years, cancer has become an important public
health problem worldwide. According to GLOBOCAN data,
prostate cancer (PCa) was among the most commonly diagnosed
cancers in men in 2022 (International Agency for Research on
Cancer, 2024a). In Turkiye, more than 17,000 men were
diagnosed with prostate cancer in 2022, making it the second
most common cancer in men after lung cancer (International
Agency for Research on Cancer, 2024b). Therefore, early and
accurate diagnosis is important for effective treatment. Current
diagnostic methods include Prostate-Specific Antigen (PSA)
testing, Digital Rectal Examination (DRE), Magnetic Resonance
Imaging (MRI), Transrectal Ultrasonography (TRUS), and
histopathological examination of biopsy samples. However,
biopsy evaluation may vary between pathologists due to
differences in experience and interpretation. Recent
developments in Artificial Intelligence (Al) offer new approaches
to these challenges. In particular, Al-based methods have been
increasingly used for prostate cancer detection from
multiparametric MRI (mpMRI) and for Prostate Imaging
Reporting and Data System (PI-RADS) assessment. This section

1 Dr, Mus Alparslan University, Faculty of Engineering and Architecture,
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focuses on these applications and the current challenges in this
field.

2. ARTIFICIAL INTELLIGENCE AND HEALTH

Al refers to systems that can learn and perform tasks by
processing information in ways similar to human intelligence
(Transformation of Technology in Healthcare, 2024). Healthcare
systems face increasing challenges due to rising costs, aging
populations, disability, and disease-related mortality (Al Kuwaiti
et al., 2023). In this context, Al is increasingly being used in
healthcare applications. The digitalization of healthcare data,
advances in machine learning, and improvements in computing
infrastructure have expanded the use of Al in medical
applications. The increasing volume and complexity of healthcare
data have expanded the use of Al in areas such as medical
imaging, diagnosis, patient care, and biomedical research. Al-
based technologies may also help reduce inequalities in access to
diagnosis and treatment (Abramoff et al., 2023). Al has become
particularly useful in medical image analysis and radiology. In
prostate cancer, Al-based methods are being investigated for the
analysis of mpMRI, including prostate cancer detection and PI-
RADS assessment. These methods may support radiologists in
diagnosis and help improve the efficiency of the diagnostic
process.

2.1. Artificial Intelligence-Assisted Diagnostic And
Treatment Systems

Al-based tools are being explored in several stages of
healthcare, including diagnosis, treatment planning, and patient
management. These models can process large clinical datasets
and provide information that may support clinical decision-
making. Their use is particularly relevant in fields such as
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radiology, pathology, and genetics, where large and complex
datasets are routinely generated.

In medical imaging, Al models can analyze MRI and
Computed Tomography (CT) data to support the detection and
characterization of diseases such as cancer. Al can also contribute
to personalized medicine by combining clinical, genetic, and
other patient-specific data to support treatment decisions. Beyond
diagnosis and treatment, Al is used in areas such as robotic
surgery, virtual reality, virtual health assistants, and medical
record management, as shown in Figure 1.

Medical Imaging
Diagnosis

Robotic Surgery

Al-Assisted
Diagnostic and
Treatment
Systems

Personalized

Medicine

Figure 1. Al-Assisted Diagnosis and Treatment Systems

20



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

2.2. The Role of Artificial Intelligence In Medical
Imaging

Al is increasingly used for medical image analysis and
processing. Research has focused particularly on clinical fields
such as radiology and pathology (Wang et al., 2020; Wang et al.,
2021; Ylzkat et al., 2021). Al is now widely used for common
medical imaging tasks, including classification (Cai et al., 2020;
Kim et al., 2022), segmentation (Ramesh et al., 2021; Siddique et
al., 2021; Wang et al., 2022), and detection (Gaur et al., 2023;
Kaur & Garg, 2023; Zhou et al., 2023). The safe and effective use
of these systems in clinical practice also requires appropriate
clinical expertise. The main medical imaging modalities where
Al is applied include:

Magnetic Resonance Imaging

MRI uses a magnetic field and radiofrequency signals to
generate detailed images of internal tissues. Al can support image
interpretation, including lesion detection and characterization. In
prostate cancer, these methods are increasingly studied in
combination with mpMRI.

Computed Tomography

CT uses X-rays to generate cross-sectional images. Al-
based analysis can assist in identifying abnormalities in organs
and tissues and can support faster image interpretation.

Ultrasonography

Ultrasonography produces images using high-frequency
sound waves. Al can assist in identifying abnormalities and has
been investigated in several organ systems, including the liver,
breast, and thyroid.
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Radiography

Radiography uses X-rays to produce two-dimensional
images and is widely used because of its speed and accessibility.
Al-based analysis can support the detection of abnormalities in
the lungs, bones, and heart.

Digital Pathology Imaging

Digital pathology involves the analysis of digitized
microscopic images of tissue samples. Al can assist pathologists
in detecting cancer cells, classifying tumors, and assessing
disease characteristics.

3. PROSTATE CANCER EPIDEMIOLOGY AND
DIAGNOSTIC METHODS

Prostate cancer incidence is influenced by age, genetic
background, ethnicity, and geographic location (Rawla, 2019).
BPH becomes increasingly common with age and may cause
urinary symptoms (Langan, 2019). Incidence is higher among
African-American men and lower in many Asian populations.
Family history is also an established risk factor. Other factors,
including obesity, diet, hormonal changes, and smoking, may
contribute to disease risk. Higher reported incidence in developed
countries is partly related to the wider use of PSA testing and the
resulting detection of otherwise undiagnosed disease (Mohler et
al., 2016).

Prostate cancer may not cause clear symptoms in its early
stages. Therefore, PSA testing, DRE, MRI, and TRUS are used
in the diagnostic process, as shown in Figure 2.
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Prostate Cancer Diagnosis Methods

Trans Rectal Ultrasound (TRUS) Magnetic Resonance Imaging (MRI)

Figure 2 Prostate Cancer Diagnostic Methods
Prostate-Specific Antigen Test

PSA is a protein produced by prostate cells and can be
measured through a blood test. It has been used in prostate cancer
screening since the 1980s and became widely adopted during the
1990s (Catalona et al., 1993). An elevated PSA level may indicate
prostate cancer, but it can also result from benign enlargement or
inflammation. Conversely, prostate cancer may occur in men with
relatively low PSA levels (Mohler, 2010; Balk et al., 2003). For
this reason, PSA results should be interpreted together with other
clinical and imaging findings rather than used as a stand-alone
diagnostic measure.

Digital Rectal Examination

DRE involves physical examination of the prostate
through the rectum to assess its size, shape, and consistency. It
may help identify abnormalities and determine whether further
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evaluation or biopsy is required. However, its ability to detect
prostate cancer is limited, and it is generally used together with
other diagnostic methods (Smith & Catalona, 1995).

Transrectal Ultrasound

TRUS uses sound waves to evaluate the size and structure
of the prostate and is commonly used to guide prostate biopsy.
Although it provides useful information about prostate volume
and biopsy localization, its sensitivity and specificity for prostate
cancer detection and staging are limited (Harvey et al., 2012).

Magnetic Resonance Imaging

MRI provides detailed images of prostate tissue and is an
important imaging method in the diagnosis and assessment of
prostate cancer. MRI systems commonly operate at 1.5 or 3.0
Tesla, and the signal generated by hydrogen protons in the body
is used to produce images (Berger, 2002).

Two commonly used MRI approaches for prostate
imaging are bpMRI and mpMRI (Kuhl et al., 2017; Ghai &
Haider, 2015; Kumar et al., 2018; Turkbey et al., 2009). bpMRI
generally includes T2-weighted and diffusion-weighted imaging
(DWI), while mpMRI additionally includes dynamic contrast-
enhanced imaging (DCE). mpMRI provides information from
multiple imaging sequences and can improve the detection and
characterization of suspicious prostate lesions. It also plays an
important role in risk assessment using the PI-RADS system.

Biopsy

Biopsy is performed when clinical, PSA, or imaging
findings indicate a suspicion of prostate cancer. Tissue samples
are collected from the prostate and examined histopathologically.
TRUS has traditionally been used to guide biopsy, while MRI has
increasingly been used to target suspicious lesions (Nguyen-
Nielsen & Borre, 2016; Mottet et al., 2021).
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MRI-targeted biopsy allows suspicious areas identified on
MRI to be sampled more precisely. In MR-fusion biopsy, MRI
findings are combined with real-time ultrasound images to guide
the biopsy needle toward suspicious lesions (Hadaschik et al.,
2011; Pinto et al., 2011). This approach can improve the targeting
of lesions that may be missed by systematic biopsy.

4. MULTIPARAMETRIC MRI IN PROSTATE
CANCER

The use of MRI for prostate cancer diagnosis began with
T1- and T2-weighted sequences in the 1980s (Giganti et al.,
2019). T1-weighted imaging has limited value for detecting
prostate cancer because cancerous tissue usually does not produce
significant changes on T1-weighted images (Stabile et al., 2020).
In contrast, mpMRI combines different imaging sequences to
provide structural and functional information about prostate
tissue. The main sequences used in mpMRI are T2-weighted
imaging, DWI, and DCE. These sequences provide
complementary information for prostate cancer detection and
assessment (Johnson et al., 2014).

Magnetic resonance spectroscopy imaging (MRSI) can
provide additional metabolic information, but its routine clinical
use remains limited because of technical requirements, cost, and
limited availability. Therefore, current prostate mpMRI protocols
mainly rely on T2-weighted imaging, DWI, and DCE. Figure 3
shows an example of a prostate lesion detected using mpMRI.
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Figure 3 Example of Lesion with mp-MRI (Bjurlin et al., 2016)
4.1. T2 Weighted Imaging

T2-weighted imaging is mainly used to visualize the
anatomical zones of the prostate and is an essential part of
prostate MRI (Hricak et al., 1987). In a normal prostate, the
peripheral zone usually has high signal intensity because of its
relatively high water content. Prostate cancer often appears as a
region of lower signal intensity. However, this finding is not
specific to cancer, as inflammation, fibrosis, and post-biopsy
hemorrhage may produce similar appearances. Lesion assessment
is also more difficult in the transition zone because of its
heterogeneous appearance and the frequent presence of benign
prostatic hyperplasia.

4.2. Diffusion Weighted Imaging And Apparent
Diffusion Coefficient Maps

DWI provides information about water diffusion within
prostate tissue and is useful for distinguishing malignant lesions
from normal tissue (Somford et al., 2008). Because of their high
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cellular density, prostate tumors usually restrict water movement
and therefore show higher signal intensity on high b-value DWI.
DWI is particularly useful for identifying and localizing clinically
significant prostate cancer and may also provide information
about tumor aggressiveness and local extent (Scheenen et al.,
2015; Schieda et al., 2021).

The ADC value is derived from DWI and reflects the
degree of water diffusion within tissue. Prostate cancer generally
shows lower ADC values than normal prostate tissue. ADC maps
are calculated from images acquired with different b values. The
combination of DWI and T2-weighted imaging can improve
lesion assessment, particularly in the transition zone where
benign and malignant findings may have similar appearances
(Wu et al., 2012; Jung et al., 2013).

4.3. Dynamic Contrast Imaging

DCE evaluates the uptake and washout of intravenously
administered contrast material in prostate tissue. It provides
information about tissue vascularity and can help identify areas
with abnormal enhancement associated with tumor angiogenesis
(Hara et al., 2005).

DCE can provide additional information when findings
from T2-weighted imaging and DW!I1 are unclear or affected by
artifacts. However, its routine use has been debated because it
requires gadolinium-based contrast material and can increase
examination time. Studies have also shown that bpMRI based on
T2-weighted imaging and DWI can provide useful diagnostic
information without DCE (Verma et al., 2012; Boesen et al.,
2018). Therefore, DCE is mainly used as a complementary
sequence in current prostate mpMRI protocols.
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5. PROSTATE CANCER RISK GRADING

Histopathological examination is used to determine the
grade and aggressiveness of prostate cancer. The Gleason grading
system evaluates the architectural patterns of prostate cancer cells
on a scale from 1 to 5. The Gleason score is calculated by
combining the two most common patterns, with higher scores
generally indicating more aggressive disease (Berney et al.,
2016). Following revisions by the International Society of
Urological Pathology (ISUP), Grade Groups 1-5 are used
together with the Gleason score to provide a more clinically
meaningful classification (Epstein et al., 2016). For example,
Gleason score 3+3 corresponds to ISUP Grade Group 1, while
3+4 and 4+3 correspond to Grade Groups 2 and 3, respectively.
Higher-grade patterns are associated with more aggressive
disease.

MRI is now an important part of the diagnostic pathway
for prostate cancer. In biopsy-naive men, its use can help avoid
unnecessary biopsies while improving the detection of clinically
significant disease (Ahmed et al., 2017). MRI-targeted biopsy can
further improve the identification of clinically significant tumors
compared with systematic biopsy (Kasivisvanathan et al., 2018).
PI-RADS was introduced to provide a common framework for
the interpretation and reporting of prostate MRI. The first
guidelines were published by the European Society of Urogenital
Radiology (ESUR) in 2012 and were later updated as PI-RADS
v2.1in 2019 (Barentsz et al., 2012; Turkbey et al., 2019).

The PI-RADS system uses a five-point scale to describe
the likelihood of clinically significant prostate cancer. The final
score is mainly determined from T2-weighted and diffusion-
weighted images, while DCE may provide additional information
when required. Scores of 1 and 5 represent the lowest and highest
likelihoods, respectively.
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6. SEGMENTATION AND GRADING OF
PROSTATE CANCER WITH ARTIFICIAL
INTELLIGENCE

Al methods have been increasingly used for prostate
cancer detection and classification from mpMRI data (Suarez-
Ibarrola et al., 2022). Machine learning (ML) and deep learning
(DL) are the main approaches used to develop computer-aided
systems for medical image analysis (Zhou, 2021). ML methods
generally rely on predefined features or statistical representations,
whereas DL models learn relevant features directly from the input
data. In prostate cancer, these methods can support lesion
detection, segmentation, and classification, including the
assessment of clinically significant disease.

6.1. Models Used For Segmentation Of Prostate,
Prostate Zones, And Lesions

DL, particularly convolutional neural networks, has
become widely used for medical image segmentation. Early
approaches used patch-based networks to classify individual
image regions (Ciresan et al., 2012). Later, U-Net introduced an
encoder-decoder architecture specifically designed for image
segmentation (Ronneberger et al., 2015). U-Net and its variants
have since become widely used in medical image segmentation,
including prostate MRI.

For prostate MRI, segmentation is generally performed at
three levels: the prostate gland, anatomical zones, and suspicious
lesions.

Prostate Segmentation

Prostate segmentation defines the prostate region for
subsequent image analysis. U-Net and its variants have been
applied to both 2D and 3D prostate MRI segmentation (Vu et al.,
2018; Li et al., 2023).
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Prostate Region Segmentation

Segmentation of the prostate zones can provide additional
anatomical information for lesion analysis. CNN-based methods
have been used to automatically segment regions such as the
central zone and peripheral zone (Jensen et al., 2019; Rundo et
al., 2020).

Prostate Lesion Segmentation

Lesion segmentation is more challenging because lesions
can vary in size, shape, location, and appearance. Methods based
on architectures such as U-Net, DeepLabv3+, and other
specialized networks have been investigated for prostate lesion
segmentation (Duran et al., 2022; Hambarde et al., 2020). Lesion
segmentation also provides information about lesion location and
extent for subsequent classification.

6.2. Models Used For Lesion Classification

Al-based approaches for prostate cancer classification can
generally be divided into two groups. The first focuses directly on
estimating the Gleason score or grade of prostate cancer lesions
using models such as CNNs (Abraham & Nair, 2018, 2019).
These models use MRI features to predict lesion grade.

The second approach combines segmentation and
classification. In these systems, the prostate and lesions are first
identified, followed by classification or Gleason grade group
prediction using an integrated deep learning model (Cao et al.,
2019; De Vente et al., 2020). This approach combines lesion
localization and grading within the same framework.
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6.3. Evaluation Metrics

Al models are evaluated using different metrics depending
on the task.

Segmentation Performance Metrics

The Dice coefficient is widely used to assess the quality
of medical image segmentation. It measures the degree of overlap
between the predicted region and the reference annotation, with
values between 0 and 1. A score of 1 represents complete
agreement between the two regions, whereas a score close to 0
indicates little or no overlap (Milletari et al., 2016).

Classification Performance Metrics

Classification models can be assessed using several
measures, including accuracy, precision, recall, F1-score, and
AUC. Among these, AUC is commonly used to summarize model
performance over different decision thresholds (Hanley &
McNeil, 1982).

Lesion Detection Performance Metrics

Lesion detection is commonly evaluated using true
positives (TP), false positives (FP), and intersection over union
(loU). A predicted lesion can be considered a true positive when
it overlaps sufficiently with the ground-truth lesion. In some
prostate cancer detection studies, a three-dimensional loU
threshold of 10% has been used for this purpose (Baumgartner et
al., 2021; Bosma et al., 2023; Saha et al., 2021). Predictions that
do not meet the required overlap threshold are considered false
positives.
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7. CONCLUSIONS AND FUTURE
PERSPECTIVES

Al-based methods have been increasingly investigated for
prostate cancer detection, segmentation, and grading using
mpMRI. These approaches can provide additional information
during MRI interpretation and assist in the assessment of
suspicious lesions.

Before routine clinical use, Al-based prostate cancer
systems require further validation. Multicenter and prospective
studies are needed to assess their performance across different
patient groups and clinical settings. Long-term studies should also
examine whether these systems provide measurable benefits in
patient management.

The use of Al in healthcare also raises issues related to
data privacy, model transparency, and diagnostic errors. These
systems should therefore be evaluated within appropriate ethical
and regulatory frameworks. Training healthcare professionals
will also be necessary for effective clinical use.

Federated learning may provide another approach for
developing Al models using data from multiple institutions while
keeping patient data within the respective institutions. Using data
from multiple centers may improve model generalizability
compared with models trained on single-center datasets. Future
studies combining mpMRI, clinical data, and Al-based methods
across multiple institutions may contribute to the development of
more robust prostate cancer diagnostic systems.
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GIDA TEDARIK ZINCIRLERINDE VERI
GUVENILIRLIGI VE BLOKZINCIR
TEKNOLOJISININ KULLANIMI?

Bora ASLAN?
Fisun YAVUZER ASLAN?®

1. GIRIS

Gida tedarik zinciri, tarimsal tiretimden isleme, depolama,
tagima, dagitim, perakende ve son tiiketiciye kadar uzanan; kamu
kurumlari, ciftciler, kooperatifler, isleyiciler, lojistik isletmeleri,
laboratuvarlar, sertifikasyon kuruluslari ve perakendeciler gibi
¢ok sayida aktoriin bir arada bulundugu ag yapisidir. Bu yap1
icerisinde {irliniin yalnizca fiziksel olarak hareket etmesi yeterli
degildir. Uriine iliskin kimlik, mense, parti, miktar, iiretim
zamani, isleme kosullar, sicaklik, tasima rotasi, kalite kontrol
sonugclar1 ve teslimat olaylarinin da gilivenilir bicimde aktarilmasi
gerekir. Nitekim giincel diizenleyici yaklasimlar giderek {iriin
hareketlerinin olay ve veri ogeleri {lizerinden izlenmesine
yonelmektedir. ABD Gida ve Ilag Dairesinin Food Traceability
Rule diizenlemesi, belirli gidalar i¢in Kritik izleme Olaylar: ile
bunlara bagh “Anahtar Veri Ogelerinin” kayit altina alinmasini

1 Bu kitap bolimi, TUBITAK 1833 SAYEM Yesil Doniisim Programm
kapsaminda  desteklenen “TARIM2030 - Gidada Arz Giivenligi,
Siirdiiriilebilirlik, Yenilik ve Seffafhk i¢in Tarimda Dijitallesme Programm”
biinyesindeki Uriinlestirme Projesi 1: Blokzincir Tabanh izlenebilirlik
Platformunun  Gelistirilmesi  caligmalart  kapsaminda  hazirlanmustir.
https://tarim2030program.org

2 Dog. Dr., Kirklareli Universitesi, Miihendislik Fakiiltesi, Yazilim Miihendisligi
Bolimi, ORCID: 0000-0002-8069-8204.

3 Dr. Ogr. Uyesi, Kirklareli Universitesi, Miihendislik Fakiiltesi, Yazilim
Miihendisligi Boliimii, ORCID: 0000-0001-7096-3425.
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ve gerektiginde diizenleyici otoriteye hizli bigimde sunulmasini
6ngormektedir. (FDA, 2026)

Gida tedarik zincirinde verinin 6nemi, gida giivenliginin
halk saglig1 tizerindeki etkisi diisiiniildiigiinde daha belirgin hale
gelmektedir. Diinya Saglik Orgiitii, 2026 yilinda giincelledigi
degerlendirmesinde gida giivenligi, beslenme ve gida
giivencesinin birbirinden ayr1 diisliniilemeyecegini; kontamine
gidalara bagli hastaliklarin kiiresel saglik ve ekonomi iizerinde
onemli bir yiik olusturdugunu vurgulamaktadir. WHO'nun giincel
tahminlerine gore yilda yaklasik 866 milyon insan kontamine
gida tiiketiminin ardindan hastalanmakta ve 1,52 milyon kisi
yasamin1 yitirmektedir. Kurulus ayrica gida giivenliginin
tireticiden tiiketiciye kadar paylasilan bir sorumluluk oldugunu
belirtmektedir. (WHO, 2026)

Bu noktada Tiirkge terminolojide siklikla birbirinin yerine
kullanilan iki kavramm ayrilmasi gerekir. Bu calismada gida
giivenligi, Ingilizcedeki food safety karsiligi olarak gidanin
biyolojik, kimyasal ve fiziksel tehlikeler bakimindan tiiketici
sagligina zarar vermemesini; gida giivencesi veya daha dar
kapsamda gida arz giivenligi ise food security kavraminin arz ve
stireklilik boyutlarmi ifade etmektedir. FAO'mun klasik gercevesi
gida giivencesini bulunabilirlik, ekonomik ve fiziksel erisim,
kullanim ve zaman i¢inde istikrar olmak iizere dort boyutta ele
almaktadir. Buna gore arz giivenligi esas olarak bulunabilirlik ve
istikrar boyutlariyla iliskilidir; ancak yeterli miktarda gida
bulunmasi, tek basina hanelerin gidaya erisebildigi veya gidanin
giivenli oldugu anlamina gelmez. (FAO, 2008)

Gida tedarik zincirinin dijitallesmesi, fiziksel iiriin ile
onun dijital temsilinin birbirine baglandig1 yeni bir yonetim alanm
dogurmustur. Bir paletin RFID etiketiyle okunmasi, soguk zincir
sicakliginin  sensorle kaydedilmesi, bir {irliniin QR kodla
tlketiciye acilmasi, laboratuvar analizinin parti numarasiyla
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iliskilendirilmesi veya sevkiyatin isletme bilgi sisteminde
kaydedilmesi, zincirin farkli noktalarinda veri iiretir. Sorun, bu
verilerin yalnizca var olmasi degil, dogru tirtinle iliskilendirilmis,
anlami korunmus, degistirilmemis, zamaninda paylasilmis ve
gerektiginde denetlenebilir olmasidir. Gualo ve arkadaslarinin
(2021) veri kalitesi lizerine gerceklestirdigi endiistriyel ¢alismalar
da orgiitsel kararlarin dayandiklar1 verinin kalitesinden daha iyi
olamayacagini ve veri giivenilirliginin sistematik kalite yonetimi
gerektirdigini gostermektedir.

Blokzincir teknolojisinin gida sektdriinde ilgi gormesinin
temelinde bu giiven sorunu bulunmaktadir. Blokzincir, dagitik bir
agda dogrulanan iglemlerin kriptografik olarak birbirine
baglandigi, sonradan yapilan degisikliklerin tespit edilmesini
saglayan ortak bir kayit yapisi sunmaktadir. NIST'in teknik
taniminda blokzincirler “tamper-evident” ve “tamper-resistant”
dagitik dijital kayit sistemleri olarak nitelenmektedir; normal
calisma kosullarinda yayimlanmis bir islemin geriye doniik
degistirilmesi engellenmekte veya son derece giiglestirilmektedir
(Yaga et al., 2018).

Bununla birlikte, blokzincirin degistirilemezligi ile
verinin dogrulugu aym sey degildir. Zincir, “10 °C” olarak
kaydedilmis bir degerin daha sonra “4 °C” olarak degistirilmesini
engelleyebilir; ancak bozuk veya yanlis kalibre edilmis bir
sensoriin gercekte 14 °C olan ortami 10 °C olarak 6lgmesini
kendiliginden fark edemez. Benzer bi¢cimde, ¢alisan yanlis parti
numarasi girerse veya iiretici mense bilgisini kasith olarak yanlis
beyan ederse, blokzincir yanlis bilginin degistirilmemis bir
kaydini tutabilir. Leteane ve Ayalew'in (2024) gida izlenebilirligi
lizerine yaptigi ¢alisma bu problemi agik bigimde GIGO (garbage
in, garbage out) sorunu altinda tartismakta ve blokzincirin
kaynaginda hatali ya da kotii niyetli olarak olusturulmus veriyi
kendiliginden diizeltemedigini gostermektedir.
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Dolayistyla blokzincirin  gida  sektoriindeki  degeri
“blokzincire kaydedilen her veri giivenilirdir” 6nermesinde degil;
giivenilir bigimde elde edilmis verinin daha sonra degistirilmesini
giiclestiren, farkli taraflar arasinda ortak kayit olusturabilen ve
denetim izini kuvvetlendirebilen bir altyapt olmasinda
aranmalidir. Kamilaris, Fonts ve Prenafeta-Boldua (2019), tarim
ve gida alanindaki erken donem blokzincir uygulamalarimi
incelerken teknolojinin ozellikle seffaflik ve izlenebilirlik
bakimindan olanak sundugunu, ancak teknik, Orgiitsel,
diizenleyici ve egitimle ilgili engeller nedeniyle uygulama
olgunlugunun dikkatle degerlendirilmesi gerektigini
belirtmektedir. Benzer bigcimde Garrard ve Fielke'nin (2020)
Avustralya karides sektorii lizerine ¢alismasi, bazi durumlarda
beklenen faydanin blokzincirin kendisinden ¢ok, blokzincire
gecis icin gerekli olan temel dijitallesmeden
kaynaklanabilecegini ortaya koymaktadir.

Bu c¢aligmanin temel yaklasimi bu ayrimdan hareket
etmektedir. Amag blokzinciri gida tedarik zincirlerinin biitiin veri
sorunlarmi ¢dzen bagimsiz bir teknoloji olarak sunmak degil;
hangi veri giivenilirligi sorunlarina dogrudan miidahale
edebildigini, hangi sorunlarda bagka teknolojilere ve kurumsal
mekanizmalara bagimli  oldugunu ve hangi kosullarda
kullaniminin ekonomik ve 6rgiitsel agidan anlamli hale geldigini
degerlendirmektir. Bu dogrultuda veri giivenilirligi kavramlari,
blokzincirin teknik islevleri, IoT ve standartlarla entegrasyonu,
gercek uygulamalar ve teknolojinin temel siirliliklar birlikte ele
alinmaktadir.
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2. GIDA TEDARIK ZINCIiRLERINDE VERI
GUVENILIRLIiGI
2.1.Gida Tedarik Zincirlerinde Veri Uretimi ve

Paylasim

Geleneksel gida izlenebilirligi, biiylik ol¢iide “bir adim
geriye-bir adim ileriye” anlayisiyla isletmelerin  kendi
tedarikgileri ve miisterileri hakkinda kayit tutmasina
dayanmaktaydi. Dijital tedarik zincirlerinde ise yalnizca ticari
iligkinin taraflarmi bilmek yeterli olmamakta; belirli bir iiriin
partisinin ne zaman, nerede, hangi islemden gectigini ve hangi
kosullara maruz kaldigmi belirleyebilmek gerekmektedir.
FDA'nin mevcut yaklasiminda hasat, ilk sogutma, ilk paketleme,
sevkiyat, teslim alma ve doniisiim gibi asamalar Kritik Izleme
Olay1 olarak tanimlanmakta ve olaylara iliskin lot kodu ile diger
veri Ogelerinin birbirine baglanmasi beklenmektedir. (FDA,
2026)

Benzer bir olay merkezli yaklasim GS1 EPCIS
standardinda  goriilmektedir. EPCIS, farkli isletmelerdeki
uygulamalarin goriiniirliik olay verisi olusturmasi ve paylasmasi
icin standartlagtirilmis bir yap1 sunmaktadir. EPCIS 2.0'da bir
olayin anlami temel olarak “ne”, “ne zaman”, “nerede”, “neden”
ve “nasil” boyutlariyla ifade edilmekte; JSON/JSON-LD, REST
baglayicilart  ve sensOr bilgilerinin tasinmasma ydnelik
SensorElement gibi Ozellikler desteklenmektedir. Boylece Urtin
kimliginin yan1 sira konum, zaman, is siireci ve bazi durumlarda

Olctim kosullar birlikte ifade edilebilmektedir. (GS1, 2022)

Bu baglamda veri giivenilirligi tek boyutlu bir 6zellik
degildir. Dogruluk, kaydedilen degerin gergek diinyadaki olguyu
ne Ol¢lide dogru temsil ettigini ifade eder. Bir sicaklik sensoriiniin
4,1 °C dlgmesi ve gercek sicakligin buna yakin olmasi dogrulukla
ilgilidir. Biitiinliik, verinin yetkisiz sekilde degistirilmemis veya
bozulmamis olmasiyla ilgilidir. Veri kalitesi, dogruluk yaninda
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eksiksizlik, giincellik, tutarlilik, uygunluk ve kullanilabilirlik gibi
daha genis Ozellikleri i¢ine alan iist bir kavramdir. Gualo ve
arkadaslarinin  (2021) ISO/IEC 25012 tabanli endistriyel
deneyimleri, veri kalitesinin yalnizca teknolojik koruma degil,
O0lcme, degerlendirme ve yonetisim siirecleriyle yonetilmesi
gereken kurumsal bir konu oldugunu gostermektedir.

Ozgiinliik, verinin veya iddianin gercekten iddia edilen
kaynaktan geldigine dair giiveni; veri kokeni/provenance, verinin
kim tarafindan, hangi siirecte ve hangi doniisiimlerden gecerek
iiretildigine iliskin gecmisi ifade eder. Izlenebilirlik, bir iiriiniin
veya partinin tedarik zinciri boyunca ge¢cmis ve gerektiginde ileri
yonli hareketlerinin iligkilendirilerek bulunabilmesidir. Seffaflik
ise ilgili taraflarin gerekli bilgiyi gorebilme diizeyidir. Bu nedenle
izlenebilir bir sistemin tamamen seffaf olmas1 gerekmedigi gibi,
cok fazla verinin goriiniir olmasi da verinin dogru veya giivenilir
oldugunu kanitlamaz. Garrard ve Fielke'nin (2020) calismasi,
giivenilir provenance iretiminin yalnizca kayitlarin sonradan
degistirilmemesinden ibaret olmadigini; fiziksel iriine iliskin
baslangi¢  bilgisinin de giivenilir olmasi  gerektigini
gostermektedir.

Denetlenebilirlik, bir kayit veya kararin olusum siirecinin
daha sonra yetkili kigiler tarafindan incelenebilmesine karsilik
gelir. Blokzincirin islem ge¢misini geriye doniik goriiniir tutmasi
bu 6zelligi giiclendirebilir. Veri giivenligi ise gizlilik, biitiinliik,
erigilebilirlik, kimlik dogrulama ve yetkilendirme gibi daha genis
giivenlik hedeflerini kapsar. Dolayisiyla “veri giivenligi” ile “veri
biitiinliigli” es anlamli degildir; biitiinliik glivenligin yalnizca bir
boyutudur. Benzer bi¢imde biitiinliigii korunmus veri yanlis
olabilir: bir kayit olusturuldugu andan itibaren degistirilmeden
saklanmis olsa dahi baglangicta yanlis girilmis olabilir. Bu ayrim,
blokzincirin gida sektoriindeki katkisini dogru degerlendirmek
icin temel 6nemdedir. (Leteane & Ayalew, 2024; Yaga et al.,
2018)
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2.2. Veri Giivenilirligini Etkileyen Bashca Sorunlar

Ik sorun tedarik zincirinin parcali bilgi altyapisidir.
Biiyliik perakendeciler gelismis ERP, depo yonetimi ve
izlenebilirlik sistemlerine sahipken kii¢iik lireticiler kagit kayaitlar,
elektronik tablolar veya birbirleriyle konusmayan yerel
uygulamalar kullanabilmektedir. Sonu¢ olarak ayni {iriin igin
farkli bigimlerde tanimlanmis alanlar, farkli parti kodlar1 veya
standartlastirilmamis lokasyon bilgileri olusabilmektedir. 2026
tarihli gercek bir meyve tedarik zinciri pilotunu inceleyen Roméo
ve arkadaglari, blokzincir uygulamalarinda temel engellerden
birinin mevcut kurumsal sistemlerle entegrasyon oldugunu; API,
dosya aktarimi, veri doniistiirme, mesajlasma ara katmani ve
blokzincir yiikleyicisi gibi adaptorlere ihtiyag duyuldugunu
gostermektedir. Calisma {i¢ isletmeyle ydratilen bir pilot
niteliginde oldugundan sonuglar genellenirken ihtiyat gerektirir.
(Roméo et al., 2026)

Ikinci sorun insan kaynakli veri hatalaridir. Manuel veri
girisi, yanlis kod okutma, ayni olaymm birden fazla kez
kaydedilmesi, eksik kayit, hatali zaman veya lokasyon bilgisi gibi
sorunlara agiktir. Kasitl davranislar s6z konusu oldugunda sorun
daha da biiyiir: tiretim yerinin yanlis beyan edilmesi, sertifikasyon
bilgisinin usulsiiz kullanilmasi veya diistik kaliteli {irliniin farkl
bir partiyle iligkilendirilmesi miimkiindiir. Blokzincir islem
kaydinin sonradan degistirilmesini zorlastirsa da yanlis beyanin
fiziksel diinyada dogru olup olmadigimi dogrudan dogrulayamaz.
(Caldarelli, 2022; Leteane & Ayalew, 2024)

Uciincii sorun sensér ve IoT verisinin giivenilirligidir.
Otomasyon, insan kaynakli kayit hatalarini azaltabilir; fakat
otomatik kayit dogru kayitla es anlamli degildir. Sensoriin
kalibrasyonu bozulabilir, cihaz yanlis konumlandirilabilir,
batarya zayiflayabilir, ag iletisimi kesilebilir veya cihaz fiziksel
ve siber midahaleye maruz kalabilir. Leteane ve Ayalew (2024),
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I0T verisinin gilivenilirligini degerlendirirken cihaz kalibrasyonu,
enerji diizeyli ve zaman icindeki Ol¢limlerin tutarliligi gibi
degiskenleri ayrica ele almakta; dolayisiyla blokzincirin
sensorden gelen dl¢limiin fiziksel dogrulugunu tek basina garanti
edemedigini gostermektedir.

Dordiincii sorun fiziksel iiriin ile dijital kayit arasindaki
bagdir. Dijital sistem belirli QR kodlu paketin organik iiretimden
geldigini gosterebilir; ancak etiket bagka iirline aktarilmigsa dogru
bir dijital gegmis yanlis fiziksel iiriine baglanabilir. Bu nedenle
giivenilir izlenebilirlik; seri veya lot kimligi, kurcalamaya kars1
korumali  ambalajlar, RFID/QR altyapisi, gerektiginde
laboratuvar analizleri, sertifikasyon ve fiziksel g6zetim
mekanizmalariyla desteklenmelidir. Galvez, Mejuto ve Simal-
Gandara  (2018), blokzincirin  gida  izlenebilirligindeki
potansiyelini degerlendirirken fiziksel ve analitik dogrulama ile
dijital kayit arasindaki iligkinin kritik oldugunu vurgulayan erken
donem calismalardan biridir.

Biitiin  bu unsurlar birlikte diisiiniildiigiinde  veri
giivenilirligini bir zincir seklinde ele almak daha dogru
gorinmektedir. Bu bolimuln literatiir sentezinden hareketle
onerdigi c¢ercevede gilivenilir gida verisi en az bes katmana
dayanir: giivenilir fiziksel kimlik, guvenilir veri toplama, ortak
semantik ve standartlar, giivenilir kayit ve aktarim altyapis1 ve
hesap verebilir yonetisim. Blokzincir bu yapinin 6zellikle kayit
biitiinliigli ve ¢ok tarafli denetim katmaninda giiclidiir; diger
katmanlarin yerine ge¢mez. Bu, mevcut literatirdeki GIGO,
oracle (kapali bir yapiya sahip olan blok zinciri aglarinin dis
diinyadaki verilere dogrudan ve giivenli bir sekilde ulasamamast),
veri standardizasyonu ve organizasyonel yonetisim bulgularindan
¢ikarilan bir sentezdir. (Caldarelli, 2022; Garrard & Fielke, 2020;
GS1, 2022; Leteane & Ayalew, 2024)
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3. BLOKZINCIR TEKNOLOJISININ TEMEL
OZELLIKLERI VE VERI
GUVENILIRLIGIYLE ILiSKiSi

Blokzincir, islemlerin mutabakat mekanizmalariyla

dogrulandig1 ve kriptografik baglantilar araciligiyla birbirine
baglanan bloklarda saklandigi1 dagitik bir kayit sistemidir.
Kriptografik hash islevleri, kayitlardaki degisikliklerin tespit
edilmesini saglar. Ornedin bir belgenin hash degerinin
blokzincire kaydedilmesi, belgenin daha sonra degistirilip
degistirilmediginin kontrol edilmesine imkan verir. Ancak hash,
belgenin igeriginin dogru oldugunu degil, kayith 0&zetle
kargilagtirilan belgenin ayni oldugunu gdsterir. Bu nedenle
blokzincirin degistirilemezligi mutlak bir 6zellik olarak degil,
degisikliklerin tespit edilmesini saglayan ve mutabakat kurallar

altinda degistirilmesi giic bir yap1 olarak degerlendirilmelidir.
(Yaga et al., 2018)

Gida tedarik zincirlerinde ag mimarisi, veri gizliligi ve
paydaslar arasindaki giiven iliskisine gore belirlenmelidir. Izinli
aglarda katilmecilarin kimlikleri ve erisim yetkileri kontrol
edilirken, izinsiz aglar daha genis kamusal dogrulama imkani
sunar. Hyperledger Fabric gibi izinli platformlar, ticari agidan
hassas  verilerin  paylasimmi  smirlandirabilen  kurumsal
uygulamalara uygundur. Hibrit modeller ise operasyonel verileri
izinli veya zincir dis1 sistemlerde tutarken belirli dogrulama
kanitlarin1 kamusal zincire kaydedebilir. Bununla birlikte higbir
mimari biitiin tedarik zincirleri i¢in tek basina iistiin degildir;
secim  gizlilik, performans, yoOnetisim ve  mevzuat
gereksinimlerine baghdir. (Wang, Li, Liu, Zhang, & Pan, 2023)

Akilli  sozlesmeler, oOnceden tanimlanmis kosullar
gergeklestiginde islemleri otomatik olarak yiiriiten yazilimlardir.
Gida tedarik zincirinde sicaklik sinirinin agilmasi, eksik veri girigi
veya sertifika siiresinin dolmasi gibi durumlarda uyar1 olugturmak
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ya da islemleri sinirlandirmak i¢in kullanilabilir. Ancak bu
sozlesmeler yalnizca kendilerine iletilen veriler ve programlanan
kurallar dogrultusunda c¢aligir. Sensorler, laboratuvarlar veya
isletme sistemleri gibi dis veri kaynaklarinin hatali bilgi
saglamasi durumunda, blokzincir yanlig bilginin
degistirilmeksizin kaydedilmesini engelleyemez. Bu durum,
fiziksel diinyadan gelen verilerin giivenilirligine iliskin oracle
problemini ortaya cikarir. (Caldarelli, 2022)

Dolayistyla blokzincirin veri giivenilirligine katkis1 kayit
oncesi gilivenilirlik, kayit anindaki dogrulama ve kayit sonrasi
biitiinlik olmak {iizere {i¢ diizeyde ele alinmalidir. Teknoloji
ozellikle kayit sonrast biitiinliigiin korunmasinda giigliidiir.
Verinin baglangictaki dogrulugu ise sensor kalibrasyonu, dijital
kimlik, laboratuvar analizi, c¢oklu kaynaktan dogrulama ve
kurumsal denetim gibi tamamlayict mekanizmalara baghdir. Bu
nedenle blokzincir, gida tedarik zincirlerinde veri giivenilirligini
tek bagina garanti eden bir ¢oziim degil, glivenilir veri liretimi ve
dogrulama  siireglerini  destekleyen bir altyapr olarak
degerlendirilmelidir. (Caldarelli, 2022; Yaga et al., 2018)

4. BLOKZINCIR TEKNOLOJISININ GIDA
TEDARIK ZINCIRLERINDEKiI UYGULAMA
ALANLARI

4.1. Uriin Kokeni ve izlenebilirlik

Blokzincirin gida sektoriindeki en sik tartisilan kullanim
alan1 {iriiniin iiretim kaynagmdan tiiketiciye kadar izlenmesidir.
Uretici kimligi, parsel, hasat zamani, isleme tesisi, lojistik
islemler ve perakende noktasi birbirine baglandiginda, tek bir
partinin gegmisi daha hizli sorgulanabilir. Bu islev 6zellikle cok
tarafli zincirlerde, ayni iirlin ge¢misinin farkli isletmelerin kendi
kayitlarindan  sonradan  birlestirilmesi  yerine ortak ve
denetlenebilir olay kaydi iizerinden olusturulmasi bakimindan
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anlamhdir. Kamilaris ve arkadaslarinin  (2019) literatiir
degerlendirmesi ve Casino ve arkadaglarinin (2021) siit tedarik
zinciri vaka ¢alismasi, blokzincirin gida alanindaki kullaniminin
agirhikli olarak bu izlenebilirlik ve provenance ekseninde
gelistigini gostermektedir.

4.2. Geri Cagirma ve Gida Giivenligi

Gida kaynakli bir salginda sorunun hangi lotlardan
kaynaklandigin1  ve frlinlerin  nereye dagitildigint  hizh
belirlemek, geri ¢agirmanm kapsamini daraltabilir. FDA'nin
izlenebilirlik kuralinin agik hedeflerinden biri potansiyel olarak
kontamine gidanin daha hizli tespit edilip piyasadan
cikarilmasidir. Diizenleme blokzinciri zorunlu kilmamakta;
aksine belirli veri olaylart ve veri Ogelerinin tutulmasini
ongormektedir. Bu ayrim onemlidir. Zira hizli geri ¢agirmanin
temel gereksinimi glivenilir ve birlikte calisabilir izlenebilirlik
verisidir. Blokzincir bu amaca hizmet edebilecek olasi
altyapilardan yalnizca biridir. (FDA, 2026)

4.3. Kalite Kontrol ve Soguk Zincir

Et, siit, balik, taze meyve-sebze ve dondurulmus iiriinlerde
sicaklik ve tagima siiresi kalite ve gilivenlikle dogrudan iliskilidir.
Spitalleri ve arkadaglarmin (2023) BioTrak platformu, doniisiim
ve tagima siireglerini, 6zellikle soguk zincirde zaman ve sicaklik
bilgilerini izlemek Uzere sire¢ modelleme ile blokzinciri
birlestiren bir prototip sunmaktadir. Bu tiir sistemler sicaklik
ihlallerinin ne zaman gerceklestigine iliskin denetim izi
saglayabilir; ancak gidanin mikrobiyolojik olarak giivenli olup
olmadiginin nihai degerlendirilmesi gerektiginde analitik testler
ve gida bilimi kriterleri yine gereklidir. (WHO, 2026)

4.4. Gida Sahteciligi ve Ozgiinliik

Blokzincir mense, sertifika ve islem ge¢misinin sonradan
degistirilmesini zorlagtirarak sahtecilikle miicadeleye katkida
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bulunabilir. Bununla birlikte blokzincir Grinin biyolojik veya
kimyasal kimligini 6lgmez. Ornegin  “%100 zeytinyag:”,
“organik”, belirli cografi koken veya belirli balik tiirii iddialarinin
bilimsel dogrulanmasi i¢in kimi durumlarda laboratuvar analizi,
sertifikasyon veya bagimsiz denetim gerekir. Dijital kayit ile
fiziksel iirliniin dogrulanmasi birbirini tamamlamadig1 siirece
sahtecilik yalnizca kayit sisteminin digina tasinabilir. Galvez ve
arkadaglarinin (2018) gida izlenebilirligi tartismasi ile GIGO
literatiirli bu sinir1 agik bigimde ortaya koymaktadir. (Leteane &
Ayalew, 2024)

Ger¢ek uygulamalar incelendiginde ise blokzincirin
“basar1 Oykiisii” olarak sunulan ornekleriyle bagimsiz bilimsel
kanitlarin diizeyi arasinda 6nemli farklar bulunmaktadir.

Walmart-1BM: Cin'de domuz eti ve Amerika'da mango
tedarik zincirlerinde 1BM/Hyperledger tabanli izlenebilirlik
uygulamalar1 gerceklestirilmistir. Mango kaynaginin bulunma
stiresinin giinlerden saniyelere indirildigi raporlanmistir. Bununla
birlikte literatiirde sik¢a aktarilan “7 giin—2,2 saniye” bulgusu
esas olarak Walmart/IBM pilotuna dayanmaktadir. Kamath'm
calismasindaki endiistri finansmani baglantis1 nedeniyle bu sonug
tamamen bagimsiz bir etki kanit1 olarak degerlendirilmemelidir.
(Kamath, 2018)

Carrefour: Carrefour Quality Line kapsamindaki tavuk
ve diger gida friinlerinde, {iriin ge¢misini tliketiciye agan
blokzincir tabanli izlenebilirlik uygulanmistir. Bu yaklagim
mense ve Uretim siireglerinin = goriinlirliiglinii  artirmay1
amagclamaktadir. Uygulamanin varligi kurumsal agiklamalarda ve
bilimsel literatiirde belgelenmekle birlikte, satiglar, gida
giivenligi veya hata oranlar1 lizerindeki nedensel etkisine iliskin
bagimsiz uzun donem kanit sinirlidir. (Carrefour, 2018)

TE-FOOD: Cesitli tarim ve gida tedarik zincirlerinde
farm-to-table izlenebilirlik hizmeti sunan platform, hedefli geri
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cagirma, operasyonel goriintirlik ve tiiketici seffafligini
desteklemeyi amaclamaktadir. Platform, 2026 itibaryla aktif
kurumsal hizmet sundugunu ve 6.000'den fazla sirkete
gorlintirliik sagladigini  bildirmektedir. Ancak bu Olgek ve
performans iddialar1 agirhikli  olarak saglayicinin  kendi
beyanlarina dayanmaktadir. (TE-FOOD, t.y.)

OriginTrail / AB projeleri: Siit, kiimes hayvanlart ve
diger tarimsal iirlinlere yonelik pilotlarda blokzincir, bilgi
grafikleri ve merkeziyetsiz bilgi altyapisi kullanilarak farkli
paydaglarin  verilerinin  biitiinlestirilmesi ve provenance
olusturulmast  hedeflenmistir. H2020 SmartAgriHubs ve
DEMETER ekosistemlerinde gergek pilot baglamlari bulunmakla
birlikte, giincel OriginTrail platformu daha genis DKG/AI
kullanim alanlarina yonelmistir. Gida sektoriine 6zgii uzun
donem ekonomik etkilere iligkin bagimsiz kanit smirhidir.
(DEMETER, t.y.; OriginTrail, t.y.; SmartAgriHubs, t.y.)

Avustralya Kkarides yetistiriciligi: Karides tedarik
zincirinde blokzincir tabanli provenance yaklasiminin potansiyeli
bagimsiz bir akademik vaka caligmasiyla degerlendirilmistir.
Arastirma, blokzincirin alternatif ¢oziimlere kiyasla biiyiik ek
kazanimlar yaratmayabilecegini ve Onemli faydalarin temel
dijitallesme siireclerinden kaynaklanabilecegini gostermektedir.
(Garrard & Fielke, 2020)

Organik gida vaka ¢alismalari: Organik ve fair-trade
tedarik zincirlerinde blokzincir tabanli farm-to-fork izlenebilirlik,
iriin iddialarinin ve paydaglar aras1 bilgi akismin takip edilmesi
amactyla incelenmistir. Hakemli vaka temelli arastirma,
teknolojik olanaklarm yani sira orgiitsel kosullarin ve uygulama

siirlarinin da belirleyici oldugunu ortaya koymaktadir. (van
Hilten et al., 2020)

Brezilya tahil kalite zinciri: Tahil ve GDO'suz soya
kalite giivencesine yonelik ¢aligmada, blokzincir is ag1
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aracilifiyla kalite Olglimlerinin ve sertifikasyon ge¢misinin
izlenmesi ele alinmigtir. Gergek is senaryosuna dayali akademik
aragtirma, yaklasimin potansiyelini gostermekle birlikte ©on
degerlendirme niteligindedir ve biiyiik 6l¢ekli, uzun donemli saha
etkisini kanitlamamaktadir. (Lucena, Binotto, Momo, & Kim,
2018)

Walmart-IBM &rnegi, blokzincir literatiiriindeki kanit
sorununun iyi bir gostergesidir. Mango pilotunda iz strme
stiresinin yaklasik yedi giinden 2,2 saniyeye diistiriildiigii sik¢a
aktarilmaktadir. Bununla birlikte bu sonu¢ kontrollii bir saha
deneyiyle 6l¢iilmiis blokzincirin bagimsiz nedensel etkisi degil,
belirli bir pilotta dijital izlenebilirlik sisteminin sorgu hizina
iligkin raporlanmis sonugtur. Ayrica eski manuel siiregle biitiin
dijital altyapiy karsilastirdigi i¢in gozlenen farkin ne kadarinin
“blokzincir’den, ne kadarinin standartlagtirilmis dijital veri
toplama ve biitiinlestirmeden kaynaklandigini ayirmak zordur.
Kamath'in (2018) vaka calismasi bu pilot i¢in temel bilimsel
kaynaklardan biridir; ancak c¢alismanin finansman baglami1
bagimsizlik degerlendirilirken dikkate alinmalidir.

Carrefour Orneginde de tiiketicinin iirliniin iiretim ve
tedarik gegmisine erismesi, seffaflik acisindan anlamli bir
kullanim bi¢imidir. Ancak QR kodla daha fazla bilgi gostermek,
gosterilen bilginin bagimsiz olarak dogru oldugunun kaniti
degildir. Dolayisiyla bdyle bir sistemde blokzincirin katkisi,
kaydedilen tedarik ge¢misinin biitiinliigiinii ve taraflar arasi
paylasimini desteklemektir; tirliniin baslangigtaki mense beyant
yine tedarik¢i dogrulamasi, sertifikasyon ve diger kontrollerle
giivence altina alinmalidir.  Carrefour'un erken ddnem
uygulamalarinin varligi kurumsal ve akademik kaynaklarda
belgelenmekle birlikte, 2026 itibartyla programin her iirlin grubu
icin bagimsiz bi¢imde Olc¢lilmiis uzun donem performansina
iliskin giicli kanit belirlemek giictiir. (Carrefour, 2018; Leteane
& Ayalew, 2024)
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TE-FOOD o6rnegi farkli bir kanit kategorisindedir.
Sirketin giincel sitesi, blokzincir destekli ugtan uca gida
izlenebilirligi, daha hedefli geri ¢cagirma ve binlerce isletmede
goriiniirlik saglama gibi faydalar bildirmektedir. Bunlar
platformun devam eden ticari varligini goéstermesi agisindan
degerlidir; fakat saglayicinin kendi performans beyanlari
bagimsiz hakemli etki analiziyle ayni kanit diizeyine sahip
degildir. Bu nedenle bilimsel bir kitap boliimiinde “TE-FOOD
geri cagirma siiresini azaltir” yerine “TE-FOOD saglayicisi
sistemin hedefli ve daha hizli geri ¢agirmay1 destekledigini
bildirmektedir” bi¢imindeki ifade daha dogrudur. (TE-FOOD,
ty.)

OriginTrail a¢isindan mevcut durum daha da dgreticidir.
AB destekli SmartAgriHubs ve DEMETER gibi projeler tarimsal
IoT ve paydaslar arast veri birlikte calisabilirligini saha
pilotlariyla stnamistir. DEMETER, 20 pilot, 18 {ilke, 6.000 ciftci
ve on binlerce cihaz/sensor Olgeginde genis bir dijital tarim
projesi olarak yiiriitiilmiistiir; ancak bu sayilarin tamami
OriginTrail veya blokzincir etkisinin Olgiisii degildir. Giincel
OriginTrail platformu ise 2026'da kendisini merkeziyetsiz bilgi
grafigi ve dogrulanabilir Al/veri provenance altyapisi olarak daha
genis bir kullanim alaninda konumlandirmaktadir. Dolayistyla
teknoloji saglayicisinin  giiniimiizde aktif olmasi, eski gida
pilotlarinin biitiin hedeflerinin uzun doénemli ticari basariya
doniistiigiinii  tek basmna kanitlamaz. (DEMETER, t.y.;
OriginTrail, t.y.; SmartAgriHubs, t.y.)

En Onemli karsilagtirmali bulgu, Garrard ve Fielke'nin
(2020) Avustralya karides sektoriinde ulastigi  sonuctur.
Gorlismelere dayanan calismada arastirmacilar, blokzincir tabanli
provenance'in Sektore alternatif dijital ¢ozumlerden ¢ok daha
biiyiik bir katki saglama ihtimalinin siirlt oldugunu; Snemli
kazanimlarin ~ 6nemli  Olglide  tedarik  zincirinin  Once
dijitallesmesinden kaynaklanacagini degerlendirmistir. Bu sonug,
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blokzincirin her durumda en uygun ¢6ziim olmadig1 yoniindeki
elestirel literatiir icin gii¢lii bir dayanak olusturmaktadir.

5. BLOKZINCIR TABANLI SISTEMLERIN VERI
GUVENILIRLiGi ACISINDAN
DEGERLENDIRILMESI

Blokzincirin veri giivenilirligine en énemli katkisi, kayit
biitiinliiglini ve taraflar arasinda ortak bir denetim izini
giiclendirmesidir. Dagitik kayit yapisi, islemlerin kim tarafindan
ve ne zaman gerceklestirildiginin izlenmesini kolaylastirirken
kriptografik kimlikler ve onay politikalari, belirli islemlerin
yetkili taraflarca dogrulanmasini saglayabilir. Bununla birlikte
degistirilemezlik, hatali kayitlarin diizeltilemeyecegi anlamina
gelmemelidir. Gergek izlenebilirlik sistemlerinde dizeltmelerin
geemisi koruyacak bicimde kaydedilmesi ve denetlenebilir hata
diizeltme prosediirlerinin bulunmasi gerekir. Blokzincir ayrica
giiveni tamamen ortadan kaldirmaz; gilivenin bir boliimiini
merkezi veri taban1 yoneticisinden protokol, kimlik yonetimi ve
konsorsiyum yonetisimine aktarir.

Veri giivenilirliginin temel sinirhiligi, yanhs veya eksik
verilerin ~ teknik  olarak  gecerli bicimde  zincire
kaydedilebilmesidir. GIGO problemi olarak bilinen bu durum,
blokzincirin kayit biitiinliiglinii korumasinin fiziksel gercekligin
dogrulugunu garanti etmedigini gostermektedir. Bu nedenle
zorunlu alan kontrolleri, dijital imzalar, sensor kalibrasyonu,
laboratuvar dogrulamasi ve ¢oklu kaynaktan veri kontrolii gibi
mekanizmalar gereklidir. Ornegin bir sevkiyatin ERP, GPS ve
RFID verileriyle dogrulanmasi tek kaynaga bagimlilig
azaltabilir. Ancak kaynaklarin bagimsizligi ve giivenilirligi de
ayrica degerlendirilmelidir. Bdylece blokzincir, giivenilir veri
tiretiminin yerine ge¢cmekten ¢ok, veri dogrulama siireclerini
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destekleyen bir altyapi olarak islev goriir. (Caldarelli, 2022;
Leteane & Ayalew, 2024)

Gizlilik ve erisim kontrolii, 6zellikle ticari agidan hassas
bilgilerin bulundugu gida tedarik zincirlerinde énemlidir. Uretim
miktarlari, fiyatlar, s6zlesmeler ve miisteri bilgileri gibi verilerin
biitiin katilimcilara agilmasi uygun olmayabilir. izinli aglar
erisimi sinirlandirabilirken, kisisel ve hassas verilerin zincir
disinda saklanmasi ve yalmizca gerekli biitiinliik kanitlarinin
zincire kaydedilmesi daha ihtiyatli bir yaklagim sunabilir. Bu
tasarim, veri minimizasyonu ve performans agisindan da avantaj
saglayabilir. (Romao et al., 2026)

Olceklenebilirlik ve maliyet, sistemlerin
uygulanabilirligini belirleyen diger dnemli unsurlardir. Yiiksek
hacimli sensér ve izlenebilirlik verilerinin tamaminin
blokzincirde tutulmast depolama, sorgulama ve islem
maliyetlerini artirabilir. Bu nedenle verilerin bir bolimunin
zincir disinda saklanmasi ve IoT cihazlar, ag gecitleri ile
blokzincir diiglimleri arasinda gorev paylasimi yapilmasi islevsel
bir secenek olabilir. Toplam maliyet ise yalnizca islem ticretlerini
degil; sensor altyapisi, kalibrasyon, ERP entegrasyonu, veri
temizligi, egitim ve teknik destegi de kapsar. Ozellikle kiiciik
tireticiler agisindan mevcut is siireclerinin dijitallestirilmesi ve
entegrasyon maliyetleri 6nemli engeller olusturabilir. (Wu, Jiang,
& Cao, 2022; Garrard & Fielke, 2020; Roméo et al., 2026)

Son olarak blokzincir sistemlerinin basaris1 teknik
ozellikler kadar yOnetisim diizenlemelerine de baghdir.
Katilimcilarin yetkilendirilmesi, akill sOzlesmelerin
giincellenmesi, hatali kayitlarin diizeltilmesi, anahtar giivenligi
ve uyusmazliklarin ¢6ziimii gibi konular agik kurallarla
belirlenmelidir. Bu nedenle blokzincir, givenilir veri tretimini
veya kurumsal sorumlulugu tek basina saglayan bir ¢dziim
degildir. Daha dogru bir degerlendirmeyle teknoloji, uygun

60



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

bicimde dogrulanmis verilerin ¢ok tarafli kaydinin biitiinliigiinii
ve denetlenebilirligini gli¢lendirebilir; ancak veri kalitesi
yonetimi, fiziksel dogrulama ve kurumsal yoOnetisim
mekanizmalariyla birlikte kullanilmalidir. (Caldarelli, 2022;
Yaga et al., 2018)

6. SONUC

Bu calismada gergeklestirilen literatiir ve uygulama
incelemesi, blokzincirin gida tedarik zincirlerinde veri
giivenilirligi sorununu tek basia ¢dzen bir teknoloji olmadigini,
ancak belirli giiven problemlerinde degerli bir altyap1 bileseni
olabilecegini  gostermektedir. Blokzincir, farkli taraflarin
islemlerini ortak bir kayit iizerinde tutarak veri biitliinliglnti,
provenance ve denetlenebilirligi giiglendirebilir. Bununla birlikte
yanlis girilen veriler, hatali sensor 6l¢iimleri veya gercege aykiri
beyanlar  blokzincire  kaydedildiginde sistem  bunlarin
dogrulugunu garanti etmez. Bu nedenle veri giivenilirligi; kayit
oncesi dogrulama, veri kalitesi, fiziksel-dijital eslesme ve kayit
sonras1 Dbiitiinliigli kapsayan c¢ok katmanli bir yap1 olarak
degerlendirilmelidir. (Yaga et al.,, 2018; Leteane & Ayalew,
2024)

Gida tedarik zincirlerinde mimari se¢im, taraflarin giiven
iligkisi, gizlilik, performans ve yoOnetisim gereksinimlerine
baghdir. Izinli aglar kurumsal erisim kontrolii agisindan uygun
olabilirken, kamusal veya hibrit modeller belirli durumlarda agik
dogrulama avantaji saglayabilir. Yiiksek hacimli sensor verileri
ve belgelerin zincir disinda saklanmasi, kritik olaylar ile biitlinliik
kanitlarinin zincire kaydedilmesi daha dl¢eklenebilir bir yaklagim
sunabilir. Bu dogrultuda GS1 EPCIS gibi birlikte ¢aligabilir veri
standartlari, teknolojinin operasyonel degerini destekleyen
onemli bilesenlerdir. (GS1, 2022)

Incelenen uygulamalar, blokzincirin izlenebilirlik
stireclerini gelistirme potansiyelini ortaya koymakla birlikte,
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ticari basari iddialar1 ile bagimsiz kanit diizeyinin ayrilmasimni
gerektirmektedir. Walmart—IBM gibi pilotlarda énemli iz stirme
iyilesmeleri raporlanmis olsa da bu kazanimlarin ne kadarinin
blokzincirden, ne kadarinin genel dijitallesmeden
kaynaklandigini belirlemek giictiir. Elestirel saha arastirmalar1 da
baz1 tedarik zincirlerinde blokzincirin ilave degerinin smirh
olabilecegini gostermektedir. Bu nedenle teknoloji, 6zellikle
taraflar arasinda ortak bir kayit sahibinin kabul edilmedigi,
kayitlarin degistirilmesine iligkin anlamli risklerin bulundugu ve
cok tarafli denetlenebilirligin ekonomik deger yarattig
durumlarda daha giiglii bir gerekgeye sahiptir. Diger durumlarda
merkezi veya federatif veri tabanlar1 daha basit ve ekonomik
secenekler olabilir. (Kamath, 2018; Garrard & Fielke, 2020)

Gida giivenligi acisindan blokzincirin temel katkisi,
tehlikeli tiriinlerin daha hizl tespit edilmesini ve geri ¢agirma
stireclerinin 1iyilestirilmesini destekleyebilecek giivenilir kayit
altyapisidir. Ancak bu katki, dogru veri modeli, kayit disiplini ve
tedarik zinciri paydaslarmin  katilimma baghidir. Gida arz
giivenligi tizerindeki etkisi ise daha dolaylhdir; goriiniirliik,
kayiplarin azaltilmasi ve karar alma siireglerinin iyilestirilmesi
yoluyla arz istikrarina katkida bulunabilir, ancak iiretim
kapasitesi, yoksulluk veya iklim kaynakli sorunlar tek basina
cozemez. (FDA, 2026; FAO, 2008)

Sonu¢ olarak gida izlenebilirliginde belirleyici olan,
blokzincirin  yayginlagtirilmasindan  ¢ok  giivenilir  veri
ekosisteminin olusturulmasidir. Fiziksel kimlik dogrulama,
kalibre edilmis sensdrler, laboratuvar ve sertifikasyon verileri,
birlikte ¢aligabilir standartlar, uygun veri yonetisimi ve bagimsiz
denetim mekanizmalar1 birlikte uygulandiginda blokzincir
anlamli deger yaratabilir. Bu unsurlar bulunmadiginda ise
teknoloji, yanlis verilerin yalnizca bitlinligli korunmusg
kayitlarin1 {iretme riski tasimaktadir. (Caldarelli, 2022; GS1,
2022; Leteane & Ayalew, 2024)
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TESEKKUR

Bu kitap béliimii, TUBITAK 1833 — Sanayi Yenilik Ag
Mekanizmasi (SAYEM) Yesil Doniisiim Programi kapsaminda
desteklenen “TARIM2030-Gidada Arz Giivenligi,
Siirdiiriilebilirlik, Yenilik ve Seffaflik i¢in Tarimda Dijitallesme
Programi” biinyesinde yiiriitilen Uriinlestirme Projesi 1:
Blokzincir Tabanli Izlenebilirlik Platformunun Gelistirilmesi
calismalar1 kapsaminda hazirlanmistir.

Migros Ticaret A.S.’nin koordinator kurulus olarak yer
aldigi TARIM2030 Programu, farkli disiplin ve sektorlerden 17
kurulusu ortak hedefler dogrultusunda bir araya getirerek tarim
ve gida sektoriinde dijital ve siirdiiriilebilir bir doniisiimiin
desteklenmesini amaglamaktadir. Program; paydaslar arasinda
yonetigim, bilgi paylasimi ve birlikte uygulamaya yonelik
koordinasyonu gii¢lendirirken, gida arz giivenligini biitiinciil bir
tedarik zinciri yonetimi yaklasimiyla ele almaktadir. Uretimden
tiketime kadar wuzanan sureglerde planlama, verimlilik,
giivenilirlik, seffaflik ve izlenebilirligin gelistirilmesi; su, giibre
ve enerji gibi kaynaklarin etkin kullanilmasi, ¢evresel ayak izinin
azaltilmas1 ve siirdiiriilebilir tarimsal {iretim sistemlerinin
yayginlastirilmas1 programim temel hedefleri arasinda yer
almaktadir.

Program kapsaminda gelistirilen dijital ¢oziimlerle,
tarimsal deger zincirinde yer alan farkli paydaslarin ortak bir
dijital ekosistem igerisinde bulusturulmasi; veriye dayali karar
verme, izlenebilirlik ve kaynak optimizasyonu olanaklarinin
gelistirilmesi hedeflenmektedir. Ozellikle kiigiik isletmeler de
dahil olmak ftizere farkli 6lgekteki {ireticilerin dijital doniisiim
stirecine katilabilmesi ve akilli ve hassas tarim uygulamalarmin
gida arz gilivenligi, gida kalitesi ve siirdiiriilebilir kalkinma
hedefleri dogrultusunda yayginlastirilmasi 6nem tasimaktadir.
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Bu  bolimiin  hazirlanmasina  olanak  saglayan
desteklerinden dolay: Tiirkiye Bilimsel ve Teknolojik Arastirma
Kurumuna (TUBITAK), programm koordinasyonunu yiiriiten
Migros Ticaret A.S.’ye, TARIM2030 Programi kapsaminda
arastirma, gelistirme ve uygulama faaliyetlerine katki sunan
program ortaklarna, arastirmacilara ve tiim paydaglara tesekkiir
ederiz.
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DISCRIMINATIVE CAPABILITY AND
TEMPORAL GENERALIZABILITY OF STATIC
REVERSE ENGINEERING FEATURES IN
WINDOWS X64 MALWARE DETECTION

Giiney UGURLU*

1. INTRODUCTION

Malware detection for Windows executables remains a
classification problem in which predictive performance must be
considered together with generalizability, data leakage, and
interpretability. Static machine-learning approaches are attractive
because they can evaluate a file without executing it, allowing
large collections of Portable Executable (PE) files to be screened
at relatively low operational cost. The original EMBER
benchmark established a reproducible basis for this line of work
by releasing large-scale PE feature vectors and showing that
gradient-boosted decision trees could provide a strong static
baseline (Anderson & Roth, 2018). Later datasets such as
SOREL-20M expanded the scale of malicious PE research, while
BODMAS explicitly emphasized timestamped samples and
temporal analysis (Harang & Rudd, 2020; Yang, Ciptadi, Laziuk,
Ahmadzadeh, & Wang, 2021).

High scores obtained under random train-test splits do not
necessarily represent deployment performance. Malware
ecosystems evolve, toolchains change, packers and families rise
or disappear, and benign software distributions also shift.
Pendlebury, Pierazzi, Jordaney, Kinder, and Cavallaro (2019)

1 Lecturer, Ankara University, Nallihan Vocational School, Electricity Generation,
Transmission and Distribution Program, ORCID: 0000-0002-1410-0243.
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demonstrated that temporal and spatial experimental biases can
materially inflate malware-classification results. A model
intended for practical use should therefore be evaluated on
samples that occur after the samples used for training. This
requirement is particularly relevant for static PE classifiers,
whose features include file structure, section characteristics,
strings, imported APIs, byte distributions, and signing metadata
that may themselves change over time.

EMBER2024 provides a current benchmark designed
around this problem. It contains more than 3.2 million files across
six file formats and introduces EMBER feature version 3, which
expands the available metadata and static feature families. The
benchmark is temporally organized: the first 52 weeks form the
training period and the final 12 weeks form the test period,
enabling evaluation on newer malware rather than on a random
mixture of historical and future files (Joyce et al., 2025). This
chapter uses two temporally separated Windows x64 weekly
subsets from EMBER2024 to examine not only whether malware
can be detected accurately, but also which static reverse-
engineering feature groups carry the greatest discriminative
information and whether the observed performance survives
removal of time-related PE metadata.

The study addresses three questions. First, how much
discriminative capability is provided independently by PE
header/general information, section structure, strings, imports,
byte histograms, byte-entropy representations, and Authenticode
attributes? Second, how do Logistic Regression, Random Forest,
and LightGBM compare when all selected static features are
combined? Third, does the strongest model preserve its
performance when three potentially time-revealing binary
metadata fields are removed? The contribution is therefore an
ablation-based and temporally separated evaluation rather than a
simple accuracy comparison. The analysis also interprets the most
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frequently used LightGBM features from a reverse-engineering
perspective while explicitly avoiding causal claims from feature-
importance rankings.

2. BACKGROUND AND RELATED WORK
2.1. Static Analysis of Windows PE Files

Windows executables use the PE/COFF structure, which
includes an MS-DOS stub, PE signature, COFF header, optional
header, section table, and loader-relevant structures such as
imports, exports, resources, relocations, and certificates. The
PE32+ form is used for 64-bit address spaces. Header fields
describe characteristics such as machine type, section count,
image base, linker version, code and initialized-data sizes, entry
point, subsystem, checksum, and memory layout. Section headers
further specify sizes, virtual addresses, and flags such as whether
a section is executable (Microsoft, n.d.). These properties are
routinely inspected during static reverse engineering because they
expose how the binary is organized before any instruction is
executed.

Static malware analysis extends beyond header parsing.
String statistics can reveal URLSs, protocol markers, command-
related words, cryptographic terms, or unusually encoded text.
Import tables expose external functionality requested from DLLs
and can contain APIs associated with memory allocation, process
manipulation, networking, cryptography, or persistence, although
the same APIs are also common in benign software. Byte
histograms and  byte-entropy  representations  capture
distributional properties of the raw file, while section-level
entropy can reflect compression, encryption, embedded
resources, or packed content. These indicators are not
individually equivalent to malicious behavior; their value
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emerges from combinations and distributions learned across large
corpora.

2.2. Machine Learning for Static Malware Detection

Feature-engineered PE classifiers and end-to-end byte
models represent two major approaches to static detection. Raff
et al. (2018) introduced MalConv to learn directly from whole
executable byte sequences, demonstrating that raw-byte learning
is feasible but computationally demanding. EMBER instead
emphasized reproducible engineered features and showed that a
gradient-boosted tree baseline could outperform the reported
MalConv baseline on the original benchmark (Anderson & Roth,
2018). The continued use of gradient-boosted trees in large PE
benchmarks reflects their suitability for heterogeneous, sparse,
and nonlinearly interacting static features.

LightGBM is an efficient gradient-boosting decision-tree
implementation designed for large and high-dimensional datasets.
Its training strategy includes Gradient-based One-Side Sampling
and Exclusive Feature Bundling to improve efficiency without
substantially sacrificing predictive quality (Ke et al., 2017).
Random Forest provides a useful bagging-based tree baseline
(Breiman, 2001), while Logistic Regression provides a linear
reference point. Comparing these model classes helps distinguish
gains attributable to nonlinear feature interactions from gains
obtainable with a simpler linear boundary.

2.3. Temporal Generalization and Experimental Bias

A central weakness of many malware-classification
experiments is the assumption that samples are independently and
identically distributed across training and test partitions. In real
deployment, the classifier is trained on the past and applied to the
future. TESSERACT formalized this concern by showing that
inappropriate temporal splitting can create unrealistic evaluation
conditions and inflated F1 scores (Pendlebury et al., 2019).
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BODMAS likewise enabled study of PE malware evolution using
timestamped samples collected over multiple months (Yang et al.,
2021). EMBER?2024 adopts temporal partitioning at dataset scale
and therefore provides an appropriate basis for a future-facing
evaluation (Joyce et al., 2025).

Temporal separation alone does not eliminate every
shortcut. Static files may contain timestamps or signing-time
attributes that correlate with collection periods. Such fields can
be legitimate static evidence, yet a model might exploit them as
proxies for time rather than learning structural characteristics that
generalize across periods. This motivates the robustness
experiment in the present study: the strongest model is retrained
after removing the COFF timestamp and two Authenticode
signing-time fields. The comparison provides a direct test of
whether the reported performance depends materially on time-
revealing PE metadata.

3. MATERIAL AND METHOD
3.1. Dataset and Temporal Subsets

The experiments use Windows x64 records derived from
EMBER?2024 (Joyce et al., 2025). The local training JSONL file
corresponds to week_id 51 and contains first-submission dates
from September 15 to September 21, 2024. The local test JSONL
file corresponds to week id 63 and contains first-submission
dates from December 7 to December 14, 2024. Thus, the
evaluation moves from an earlier weekly population to a
population twelve dataset weeks later. The raw local files
contained 20,000 rows each, but SHA-256 inspection showed
only 10,000 unique hashes in each file. Duplicate rows were
removed before feature extraction. No sample had conflicting
labels within a file, and the intersection of unique SHA-256
hashes between training and test sets was zero.
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After deduplication, each split contained exactly 5,000
benign and 5,000 malicious files. This balanced design makes
accuracy directly interpretable while still permitting precision,
recall, F1, and ROC-AUC to capture different error
characteristics. The malware-family field was not used as a
predictor. It nevertheless indicated distributional change: the
training and test subsets contained hundreds of distinct family
labels, and the most prevalent family names differed between
periods. This reinforces the use of a temporal holdout rather than
a random reshuffling of the two weeks.

Table 1. Composition and temporal separation of the
experimental subsets

Property Training subset Test subset
EMBER2024 week_id 51 63
First-submission interval 15-21 Sep 2024 7-14 Dec 2024
Raw JSONL rows 20,000 20,000
Unigue SHA-256 samples 10,000 10,000
Benign / malware 5,000/ 5,000 5,000/ 5,000
Unique family labels 382 352
Cross-split SHA-256 overlap 0 0

3.2. Leakage Control and Preprocessing

Fields that would directly or indirectly disclose the target
were excluded before model construction. Hashes (MD5, SHA-1,
SHA-256, and TLSH), the binary label, antivirus detection_ratio,
malware family and family_confidence, submission and analysis
timestamps, week _id, and higher-level annotations such as
behavior, capabilities, ATT&CK techniques, Malware Behavior
Catalog tags, groups, exploits, and packer tags were not used as
predictors. In particular, detection_ratio was excluded because it
summarizes antivirus detections and would create an obvious
target-leakage channel. The training vocabulary and all
vectorizers were fitted only on the training subset and then
applied to the future test subset.

For duplicated hashes, only one record was retained.
Numeric histogram and byte-entropy vectors were truncated or
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padded to 256 dimensions and transformed with log(1+x). Import
information was represented as binary tokens for imported DLLs
and APIs; the 3,000 most frequent import tokens were selected
from the training subset only. PE header/general, section, string,
and Authenticode dictionaries were converted to sparse
numeric/categorical representations using a training-fitted
dictionary vectorizer. Section dictionaries were summarized with
count statistics and aggregate descriptors such as mean, standard
deviation, minimum, maximum, and sum for numeric section
properties, together with categorical tokens for names and flags.

3.3. Static Feature Groups

Seven feature groups were evaluated independently and
jointly. The resulting dimensions are shown in Table 2. The
section group is relatively high-dimensional because it includes
both aggregated numeric descriptors and categorical section
tokens. The import group is capped at 3,000 training-derived
tokens. The complete baseline representation contains 5,708
features.

Table 2. Static feature groups used in the experiments

Feature group Dimension Representative information

PE Header + 57 Image size, entropy, linker/header fields, entry point,

General image base

Sections 2,047 Section counts, sizes, ratfilc;sg,sentropy, names, memory

Strings 84 Counts, average Iength,_entropy, URLs and lexical
indicators

Imports 3,000 Training-derived DLL and API presence tokens

Byte Histogram 256 Log-transformed byte-frequency representation

Byte Entropy 256 Log-transformed byte/entropy distribution

Authenticode 8 Certificate/signing structure attributes

All static features 5,708 Concatenation of all groups above

3.4. Models and Evaluation Metrics

Three supervised classifiers were trained on the full static
representation. Logistic Regression used sparse standardization,
the liblinear solver, and a maximum of 1,500 iterations. Random
Forest used 300 trees, square-root feature sampling, balanced
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class weights, and a fixed random seed. LightGBM used 500
boosting iterations, a learning rate of 0.05, 31 leaves, 0.9
subsampling, and 0.9 column sampling. The feature-group
ablation used the same LightGBM family with 400 estimators so
that each group could be assessed under a nonlinear model
capable of exploiting within-group interactions.

Performance was measured with accuracy, precision,
recall, F1 score, and area under the receiver operating
characteristic curve (ROC-AUC). Because the test subset is
balanced, accuracy summarizes the overall error rate, while
precision quantifies the proportion of predicted malware that is
truly malicious and recall measures the proportion of malicious
files detected. F1 balances precision and recall, and ROC-AUC
evaluates ranking quality across classification thresholds.
Confusion-matrix counts were also retained for direct inspection
of false positives and false negatives.

3.5. Temporal-Metadata Robustness Experiment

The initial full LightGBM model ranked three time-
related static fields among its influential features:
authenticode.latest_signing_time,
authenticode.signing_time_diff, and header.coff.timestamp.
These values originate from the binary or its signing metadata
rather than from the external collection timestamps that were
already excluded. Nevertheless, because the training and test
subsets are temporally separated, these fields could potentially act
as period proxies. A second LightGBM model was therefore
trained with the same configuration after removing all three
fields. The resulting representation contained 5,705 features. The
robustness test compares the original and reduced models on the
identical future test subset.
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4. RESULTS
4.1. Feature-Group Ablation

Table 3 shows that combining heterogeneous static
features produced the strongest result: 0.9656 F1 and 0.9940
ROC-AUC. Among individual groups, strings were strongest by
F1 (0.9403), followed closely by PE Header + General (0.9359)
and Sections (0.9350). Byte Entropy and Imports produced
intermediate F1 scores of 0.9193 and 0.9178, respectively, while
Byte Histogram reached 0.9141. Authenticode alone behaved
differently from the other groups: recall was very high at 0.9800,
but precision was only 0.6827, producing an F1 of 0.8048. Thus,
certificate/signing structure alone was insufficient for precise
discrimination in this temporal test.

Table 3. Feature-group ablation results on the temporally later

test subset
Feature group Accuracy Precision Recall F1 ROC-AUC
All static features 0.9657 0.9679 0.9634 | 0.9656 0.9940
Strings 0.9409 0.9500 0.9308 | 0.9403 0.9843
PE Header + General 0.9358 0.9349 0.9368 | 0.9359 0.9829
Sections 0.9356 0.9438 0.9264 | 0.9350 0.9842
Byte Entropy 0.9205 0.9331 0.9060 | 0.9193 0.9760
Imports 0.9159 0.8977 0.9383 | 0.9178 0.9764
Byte Histogram 0.9152 0.9258 0.9028 | 0.9141 0.9621
Authenticode 0.7623 0.6827 0.9800 | 0.8048 0.7660

The difference between the complete feature set and the
strongest single group is approximately 2.53 F1 percentage
points. This is meaningful because the groups capture
complementary views of the same executable: structural layout,
lexical evidence, imported functionality, byte statistics, and
signing information. The results therefore support feature fusion
rather than reliance on a single static evidence family.

4.2. Model Comparison

LightGBM was the strongest of the three full-feature
classifiers, with 0.9657 accuracy, 0.9679 precision, 0.9634 recall,
0.9656 F1, and 0.9940 ROC-AUC. Random Forest ranked second
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with 0.9481 F1, while Logistic Regression produced 0.9380 F1.
The gap between Logistic Regression and both tree ensembles
indicates that nonlinear interactions among the heterogeneous
static  features contribute materially to future-period
classification. The ROC curves in Figure 1 show the same
ordering across thresholds.

Table 4. Model performance using all static features

Model Accuracy | Precision Recall F1 '1%%
LightGBM 0.9657 0.9679 0.9634 0.9656 0.9940
Random Forest 0.9489 0.9623 0.9344 0.9481 0.9896
Logistic Regression 0.9380 0.9382 0.9378 0.9380 0.9773
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Figure 1. ROC curves for Logistic Regression, Random Forest,
and LightGBM on the future test subset.

4.3. Error Profile of the Baseline LightGBM Model

On 10,000 unique test files, the baseline LightGBM model
correctly classified 4,840 benign files and 4,817 malicious files.
It produced 160 false positives and 183 false negatives, for 343
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total errors. The relatively similar false-positive and false-
negative counts are consistent with the balanced test set and the
close precision-recall values. In operational settings, however, the
relative cost of these two error types may differ substantially; the
present experiment uses the default probability decision rule and
does not optimize a deployment-specific threshold.

4.4. Feature Importance After Temporal-Metadata
Removal

The robustness model provides a cleaner view of static
indicators because the three explicitly time-related metadata
fields were removed. Figure 2 presents the top 20 LightGBM
features using the model's default split-count importance. The
highest-ranked feature was Authenticode chain_max_depth,
followed by the count of http:// strings, PE checksum, average
string length, string entropy, minor linker version, maximum
section entropy, image base, the presence of an executable-
section memory flag, and overlay size. Other prominent features
included initialized-data size, DOS-message string count, overlay
entropy, major image version, the imported Kernel32
VirtualAlloc API, e_lfanew, stack-reserve size, general entropy,
and crypt-related string counts.

sutentode cham mas depth

] 10 150 0
Feature Importance

Figure 2. Top 20 LightGBM split-count feature importances after
removal of temporal PE metadata.
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These rankings should be interpreted as model usage
rather than causal evidence. For example, VirtualAlloc is
common in both benign and malicious programs, high entropy
can be produced by legitimate compression, and executable
sections are fundamental to normal PE files. Their importance
indicates that specific values and interactions helped partition this
dataset; it does not imply that the presence of any one feature is
sufficient to classify a binary. This distinction is important when
translating machine-learning outputs into reverse-engineering
hypotheses.

4.5. Robustness to Removal of Time-Related PE
Metadata

Removing authenticode. latest_signing_time,
authenticode.signing_time_diff, and  header.coff.timestamp
caused only a small change in performance. Accuracy decreased
from 0.9657 to 0.9649, F1 from 0.9656 to 0.9648, and ROC-AUC
from 0.9940 to 0.9937. Precision increased marginally, while
recall decreased from 0.9634 to 0.9616. The reduced model made
351 errors: 159 false positives and 192 false negatives, only eight
more errors than the baseline. The results therefore indicate that
the principal performance is not dependent on these three time-
revealing static fields.

Table 5. Baseline and temporal-metadata robustness comparison

Experiment Accuracy | Precision | Recall F1 ROC-AUC
Original LightGBM 0.9657 0.9679 0.9634 | 0.9656 0.9940
Temporal metadata removed 0.9649 0.9680 0.9616 | 0.9648 0.9937
Difference -0.0008 +0.0001 | -0.0018 | -0.0008 -0.0003
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Figure 3. Comparison of the original LightGBM model and the
model trained without the three temporal PE metadata features.

5. DISCUSSION
5.1. Discriminative Power of Static Feature Families

The ablation study demonstrates that no single static
feature family fully explains the performance of the combined
model. Strings provided the strongest individual F1, which
suggests that lexical and statistical characteristics remain highly
informative even when the test data come from a later period. PE
Header + General and Sections were almost equally effective,
showing that structural properties of Windows binaries carry
substantial discriminative information. This finding is consistent
with the rationale behind EMBER-style feature engineering,
where multiple low-cost static views are combined rather than
relying on a single signature or semantic detector (Anderson &
Roth, 2018; Joyce et al., 2025).

Imports deserve particular attention. The import
representation contained 3,000 dimensions, far more than the 84
string features or 57 header/general features, yet its standalone F1
was lower. More dimensions therefore did not translate directly
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into more discriminative power. Imported APIs describe potential
capabilities, but they are context dependent and are affected by
static linking, dynamic resolution, compiler frameworks, and
library ecosystems. A malicious program can also resolve
sensitive functions at runtime, while complex benign applications
may import large sets of APIs. Imports become more useful when
interpreted jointly with structure, entropy, and strings.

The weak precision of Authenticode as a standalone group
also cautions against binary trust assumptions. Signing metadata
can be informative, but the presence or structure of a certificate is
not synonymous with benignness, and unsigned files are not
automatically malicious. In the combined model, signing-related
information interacts with other structural evidence. The
robustness model's ranking of chain_max_depth shows that
certificate structure still contributed after signing-time fields were
removed, but its role should be viewed as one statistical signal
among many.

5.2. Reverse-Engineering Interpretation of Dominant
Features

The post-robustness feature ranking is useful because
many top variables correspond to artifacts that a reverse engineer
would examine during triage. Maximum section entropy and
overall entropy can direct attention toward compressed,
encrypted, or densely encoded regions. Overlay size and overlay
entropy can highlight data appended beyond the mapped PE
image. Linker version, checksum, image base, initialized-data
size, stack reserve, entry-point information, and e_lfanew
describe how the executable was built and laid out. Executable-
section flags identify regions permitted to contain executable
code, while string statistics expose lexical characteristics that may
reflect network indicators, embedded configuration, or encoding
practices.
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The appearance of Kernel32!VirtualAlloc among the top
features is also interpretable but must be handled carefully.
Dynamic memory allocation is ubiquitous in legitimate software
and cannot be treated as a malware signature. In malicious
workflows it may participate in unpacking, code staging, or
injection, but those semantics cannot be established from an
import token alone. The model is therefore best viewed as a
prioritization mechanism: it can identify structural combinations
that deserve analyst attention, while reverse engineering remains
necessary to determine actual control flow and behavior.

5.3. Temporal Generalizability

The strongest methodological result is the preservation of
high performance across a twelve-week dataset separation. The
training subset covers mid-September 2024, whereas the test
subset covers early-to-mid December 2024. The absence of SHA-
256 overlap rules out exact-file reuse between splits. This design
is more realistic than a random partition because the model cannot
train on files from the later test week. The approach follows the
broader recommendation that malware evaluation respect
chronological deployment order (Pendlebury et al., 2019) and is
aligned with the temporal design goals of BODMAS and
EMBER2024 (Yang et al., 2021; Joyce et al., 2025).

The metadata-removal experiment strengthens this
conclusion. The baseline ranking initially placed a signing-time
field first and the COFF timestamp among the top features. If the
high test score were substantially driven by these fields, removing
them should have produced a marked degradation. Instead, F1
declined by only 0.0008 and ROC-AUC by only 0.0003. This
does not prove immunity to every form of temporal leakage, but
it shows that the three most obvious time-related PE attributes
were not essential to the model's discrimination on this pair of
weeks.
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5.4. Limitations

Several limitations define the scope of the findings. First,
the experiment uses one Windows x64 training week and one later
test week rather than the entire EMBER2024 training and test
periods. It therefore measures generalization across a specific
twelve-week separation, not long-term performance over every
future week. Second, the data are balanced by design. Production
prevalence can be highly imbalanced, so precision at deployment
will depend on the actual base rate and on threshold selection.
Third, the work uses pre-extracted static features and does not
perform instruction-level disassembly, control-flow recovery,
decompilation, or dynamic execution. The phrase static reverse-
engineering features refers here to structural and lexical
indicators commonly consumed during static binary triage, not to
a complete semantic reconstruction of each executable.

Fourth, the LightGBM feature-importance values are split
counts, which are model dependent and can favor variables that
offer many useful split points. They should not be interpreted as
causal explanations or as universal malware indicators. Fifth,
family labels and packer tags were intentionally excluded from
the predictors, so the analysis does not quantify family-level
generalization or explicitly separate packed from unpacked
samples. Finally, although hash-based deduplication removed
exact duplicates and the temporal-metadata robustness test
addressed three important shortcut features, near-duplicate
binaries, shared build systems, and broader ecosystem
correlations may still affect performance. Static malware
classifiers are also vulnerable to deliberate manipulation and
subterfuge, an issue documented in prior work (Fleshman, Raff,
Zak, McLean, & Nicholas, 2018).
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6. CONCLUSION

This chapter evaluated the discriminative capability and
temporal generalizability of static PE features for Windows x64
malware detection using temporally separated EMBER2024
subsets. After SHA-256 deduplication, the study used 10,000
unique training files and 10,000 unique future test files, each
balanced between benign and malicious classes, with no cross-
split hash overlap. Seven static feature families were evaluated
independently and jointly, and three machine-learning models
were compared on the complete representation.

The results show that heterogeneous feature fusion is
more effective than any individual static evidence family. Strings
were the strongest standalone group with 0.9403 F1, while the
complete representation reached 0.9656 F1 and 0.9940 ROC-
AUC. LightGBM outperformed Random Forest and Logistic
Regression, indicating that nonlinear interactions among
structural, lexical, import, byte-distribution, and signing features
are important. The post-robustness feature ranking further
showed that certificate structure, HTTP-related string counts, PE
checksum, string statistics, linker and image-layout fields, section
entropy, executable-section flags, overlay properties, and selected
API imports contributed to the model's decisions.

Most importantly, removal of three time-related static
metadata fields reduced F1 by only 0.0008 and ROC-AUC by
only 0.0003. The future-period performance therefore remained
essentially intact without the most obvious temporal shortcuts.
Within the limits of a two-week temporal study, the findings
support the use of combined static reverse-engineering indicators
as a fast and generalizable basis for Windows x64 malware triage.
Future work should extend the same leakage-controlled pipeline
across all EMBER2024 weeks, examine performance decay and
family-level drift continuously, and complement split-count
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importance with local explanation methods and direct binary-
level validation.
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TOWARDS INTELLIGENT CLINICAL
DECISION SUPPORT: EXTRACTING
KEYPHRASES FROM TURKISH PATIENT
TEXTS VIA OPEN-SOURCE PRE-TRAINED
LANGUAGE MODELS

Ezgi ZORARPACI!
Zeynep DEMIRTAS?
Pmar Sarisaray BOLUK?

1. INTRODUCTION

The use of technology in healthcare increases with the
development of telemedicine applications and remote
consultation services (Ozyegen, Cevik & Basar, 2024). The
widespread adoption of these technologies in healthcare brings
new challenges that need innovative solutions. Some of them are
addressed through clinical decision support system approaches.
In general terms, clinical decision support systems are the
systems that assist those working in clinical environments in
making decisions. These systems can enable healthcare
professionals to work faster, while also reducing the number of
errors made in the treatments administered.
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The use of electronic health record (EHR) systems,
which are helpful for diagnosis and treatment, is causing doctors
to spend too much time on patient documents (Khan &
Hajiarbabi, 2024). The rapid increase in digital data within the
healthcare domain, particularly patient-related documents, has
led to the emergence of several new challenges. In response to
these challenges, a variety of computational approaches have
been developed, including the extraction of medical diagnoses
from patient complaints (Li et al., 2019), the generation of
domain-specific medical literature summaries (Hu et al., 2024),
the transcription of doctor—patient dialogues via voice-to-text
systems, the classification of textual inputs into different fields
of electronic health records (EHR) (Khan & Hajiarbabi, 2024),
the analysis of patient-doctor communication (Bulut & Diri,
2025), and the highlighting of salient information in medical
texts (Ozyegen, Cevik & Basar, 2024).

Language models successfully perform natural language
processing (NLP) tasks such as text translation, text generation,
text summarization, and similar tasks. For example, keyphrases
represent salient expressions that capture the core content of a
text. Keyphrases highlighted in the text help us outline the
themes and topics of the text (Yoo & Lee, 2023). The
application areas of the keyphrase extraction task include
generating informative labels that can support downstream
processes such as classification, prediction systems, information
retrieval, and question answering. To give an example from a
real-life scenario: producing answers for a healthcare system
chatbot or accelerating the healthcare professional's diagnosis
and treatment by focusing on the right points in the patient's
complaints and making a diagnosis.

Keyphrase extraction is a critical task—whether
employed during the pre-training phase of large-scale models,
utilized as an intermediate representation for downstream
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systems, or applied directly in standalone applications.
Furthermore, in the context of modeling patient language during
symptom description, Turkish healthcare data presents a
particularly valuable yet underexplored research direction,
offering significant opportunities for future investigation.
Therefore, our study focuses on the context of the problems of
these potential use cases in the field of health. In this study,
keyphrases are extracted from natural language texts using pre-
trained open-source language models. We have chosen Turkish
patient complaint texts that can be considered representative of
the healthcare context.

Our main objective in this study is to apply keyphrase
extraction to patient complaints in the healthcare domain, using
Turkish patient texts as the source. The annotation process is
performed using KeyBERT model and the resulting keyphrases
are incorporated into the dataset as reference labels. This study
aims to compare the performance of three transformer-based
models—BERTurk, mT5, and Semantic-MPNet—on the
keyphrase extraction task, leveraging the dataset enriched with
reference keyphrases generated by KeyBERT.

2. RELATED WORK

There are some studies that provide a comprehensive,
hierarchical assessment of the keyphrase finding field in
different languages (Xie et al., 2023). In one of the studies
focusing on text data, 167 articles were systematically analyzed
with a focus on the keyphrase prediction task, considering both
automatic keyphrase generation, which produces absent
keyphrases not present in the source text, and automatic
keyphrase extraction, which identifies words directly appearing
in the text.
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Tarkmen et al. (2023) have emphasized that keyphrase
extraction methods are often insufficiently effective for Turkish
due to its morphological structure, where various meanings are
derived by attaching suffixes to word roots, and the high density
of verbs, which complicates the extraction process when words
are reduced to their stems.

In the literature, it has been observed that domain-
specific NLP studies have been carried out using transformer
models. Although there are studies that use statistical-based
approaches such as TF-IDF to perform the keyphrase extraction
task (Chen, 2024), high accuracy results seen in transformer-
based studies have been shown in various studies in the
literature (Ayan et al., 2021; Turkmen et al., 2023). There are
also studies in Turkish on the application of transformer-based
solutions in the medical field of NLP (Ozyegen, Cevik & Basar,
2024), where BERTurk, TurkRadBERT-task v1, and BERT-
Clinical models were observed to have high success rates.

Unlike the costly and expert-level manual labeling
process, alternative approaches to data labeling have been
observed in the literature, including weak supervision, pseudo-
labeling, and silver-standard data. One such example is seen in a
research article (Chang, Ahn & Park, 2024), which focuses on
how to train an information retrieval model using data that only
contains documentation and no problem queries; this data
bottleneck problem was attempted to be solved by generating
pseudo-queries with keyphrase extraction and using weak
supervision, which obtained performance close to ground truth
data.

In another article using the weak supervision approach
(Yoon et al., 2023), for biomedical relation extraction tasks
where data is unlabeled, the knowledge base refinement was
proposed, where datasets generated with weak supervision are

92



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

filtered using a knowledge base and transformer-based models
are trained with this data, performing better than standard
supervised models by enabling learning more relation patterns.

There are studies that examined how the use of
automatically generated labeled silver standard data affects
model performance in zero-shot information extraction tasks
(Wang, Wang & Zeng, 2024); silver-standard data has also been
observed to be used in studies aiming for cross-domain
generalization for keyphrase generation (Boudin & Aizawa,
2024), and automatically extracting important information has
been studied (Guo et al., 2024). With all these studies, it is
demonstrated that using automatically generated labels is an
approach studied in NLP.

Based on the literature reviewed above, a notable gap has
been identified in the analysis of health-related texts in Turkish,
particularly in the context of keyphrase extraction from patient-
generated content. While previous studies have explored
keyphrase extraction in various domains and languages, limited
attention has been given to Turkish healthcare data, especially
patient speech-based texts. Accordingly, our study focuses on
keyphrase extraction using a Turkish dataset derived from
patient complaints, aiming to address this gap and contribute to
domain-specific NLP research in Turkish healthcare contexts.

3. BACKGROUND

This section presents the methodological background of
the models selected to evaluate the performance of keyphrase
extraction from Turkish medical texts. It also provides an
overview of KeyBERT model, which is employed in this study
to generate reference keyphrases.
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3.1. BERTurk

BERTurk is a pre-trained language model specifically
developed for Turkish and trained on a large-scale corpus
comprising 44,049,766,662 tokens collected from diverse
Turkish sources. Thanks to this extensive and heterogeneous
training data, BERTurk provides robust contextual
representations tailored to the morphological and syntactic
characteristics of Turkish language. This specialization is
particularly important for keyphrase extraction tasks, as Turkish
is an agglutinative language in which suffixation significantly
alters word forms and meanings.

3.2.mT5

mT5 model supports over 100 natural languages and
therefore has a large vocabulary. T5 model is text-to-text and,
while cited as a suitable model for NLP tasks such as translation
and text summarization, it can also be used for classification
tasks where we expect text output instead of class indexes. mT5
model, like T5, has an encoder-decoder transformer architecture.
Unlike encoder-based models like BERTurk, mT5 uses a
complete encoder-decoder transformer architecture, enabling it
to consider all NLP tasks as text-to-text problems. This design
makes mT5 particularly suitable for generative tasks such as
keyphrase generation, where the model can produce both present
keyphrases (words found in the source text) and absent
keyphrases (words not explicitly in the text but semantically
relevant).

3.3. KeyBERT

KeyBERT is a language model that is a practical
implementation and customized for keyphrase extraction task. It
is based on the original BERT architecture and it uses BERT
embeddings to perform keyphrase extraction task. For keyphrase
extraction, KeyBERT model implements these steps in
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sequence: getting document embeddings from BERT, extracting
word embeddings, calculation of cosine similarity between
words and document vector representation, giving the most
similar phrases as a result for unsupervised texts.

3.4. Semantic-MPNet

MPNet is a transformer-based architecture introduced by
Microsoft researchers and academicians. Unlike BERT, which
relies solely on masked language modeling (MLM), MPNet
employs a permuted language modeling strategy to Dbetter
capture relationships between tokens. In this approach,
previously predicted tokens are incorporated along with
unmasked tokens to provide additional context, while masking is
applied only to tokens that have not yet been predicted. This
mechanism allows the model to leverage both the sequential and
bidirectional context of tokens, combining the strengths of
MLM and the permutation-based approach used in XLNet.
MPNet’s hybrid pre-training strategy enhances its ability to
learn rich contextual representations, which is particularly
beneficial for complex tasks such as keyphrase extraction.

4. THE PROPOSED METHOD

A multi-layered evaluation approach is used to compare
the performance of the open-source language models for
keyphrase extraction.

The proposed method consists of three main
components: generating reference keyphrases, open-source
language based keyphrase extraction, and hybrid lexical-
semantic evaluation. The image illustrating our proposed
method is presented in Figure 1. In evaluating different
transformer-based language models in terms of keyphrase
extraction, BERTurk, mT5, and Semantic-MPNet represent the
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contextual language understanding, generative sequence-to-
sequence, and semantic similarity-based sentence embedding
paradigms, respectively.

4 KeyBERT
» (Pseudo-Ground-Truth)
Input Text
lReference Keyphrases
Keyphrase Extraction Models
BERTurk mT5 Semantic-MPNet
(Contextual (Generative (Semantic
Understanding) Sequence-to- Similarity-Based
Sequence) Sentence
Embedding)
l Hybrid Evaluation
Soft F1-score Semantic F1-score
(Lexical Match) (Embedding Similarity)

l Final F1-score

Flfi)mf = n1aX(Flsnff'Flse’mmr(i‘(:]

Figure 1. The proposed performance comparison method for
keyphrase extraction models.

4.1. Generating Reference Keyphrases

The dataset used in this study does not contain actual
keyphrases. Therefore, it is necessary to determine reference
keyphrases to compare the performance of the language models.
Reference keyphrases are determined using KeyBERT language
model.
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4.2. Open-source Language-based Keyphrase
Extraction

Three language models with different characteristics are
selected for keyphrase extraction performance comparison.
These methods are monolingual Turkish BERT (BERTurk),
multilingual generative model (mT5), and sentence-embedding
model (Semantic-MPNet). BERTurk model represents a
language-specific ~ contextual ~ encoder-based  keyphrase
extraction paradigm. mT5 considers keyphrase extraction as a
text generation problem. Semantic-MPNet is a sentence
embedding-based semantic language model. This model
approaches keyphrase extraction as a problem of semantic
similarity. It is strong at capturing terminological variations.

In this study, lexical and semantic focused models are
evaluated for keyphrase extraction from Turkish patient texts.
Thus, this study can determine which of the following is more
effective in extracting keyphrases from Turkish patient texts:
contextual encoders, generative models, and semantic
embedding models.

4.3. Hybrid Evaluation

To eliminate potential bias for the models, a dual-metric
evaluation approach is adopted in this study. This metric
includes soft lexical and semantic F1-scores. Soft F1-score
measures the lexical matching between keyphrases generated by
the models and KeyBERT model. On the other hand, semantic
F1-score gauges the semantic similarity between the generated
keyphrases and reference keyphrases. Since the keyphrase
extraction problem involves both selecting the right words and
capturing the correct meaning, methods that rely on a single
measurement metric may fail.

In lexical matching, the models are evaluated to see if
they can generate the correct keyphrases. This method is
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generally known as the classic evaluation approach for
keyphrase extraction. However, it may fail to capture
terminological variations because it penalizes semantically
similar expressions.

In semantic matching, the semantic similarity of
keyphrases is measured using cosine similarity via embedding
vectors. Therefore, semantic matching can capture similarities in
meaning, paraphrase words can be evaluated similarly, and it
can provide a more flexible assessment approach for
terminological variations in patient texts. However, superficially
different, very general statements can be evaluated as false
positives. Therefore, with the hybrid evaluation method given in
Equation (1), the models are rewarded for generating the correct
keyphrases, while also considering models that present
keyphrases with the same meaning in different ways.

Flfinal =max(Fliexicar, Flsemantic) (1)

Soft lexical matching is the calculation of partial
overlaps between predicted (Pred) and reference (Gold) labels
(i.e., keyphrases). A predicted keyphrase p is checked for a
match with a reference keyphrase g using token-level Jaccard
similarity. In Equation (2) where Tokens(x) represents the
token set of the keyphrases and 7 is matching threshold and
determined as 0.5 in this study. Thus, the soft precision, recall
and F1-score can be computed given as in Equations (3), (4) and
(5) respectively.

Tokens(p) N Tokens(g) >

2
Tokens(p) UTokens(g) — ( )
.. Soft_predictions_keyphrases
Precision = 52/t | (3)
|predicted_keyphrases|
Soft_predictions_keyphrases
Recall = |Soft_p yp I (4)
|gold_keyphrases|
2XPrecision XRecall
F1 = 5
soft Precision +Recall ( )
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Soft matching allows for tolerance not only of minor
spelling differences between tokens but also of word order
changes. Semantic F1-score considers the semantic similarity
between the predicted and reference (gold) keyphrases. For this,
the cosine similarity between the sentence embedding vectors is
calculated. Each keyphrase is represented by a vector space as in
Equation (6).

v; = E(keyphrase;) (6)

where v; € R? and represents the embedding vector of the
keyphrase i. Firstly, the cosine similarity between each
predicted and reference keyphrase pair is computed as in
Equation (7).

. v .v
cosinesim(p, 9) = m 7

If the cosine similarity value between a predicted
keyphrase p and a reference keyphrase g exceeds a predefined
threshold, then they are considered semantically matched. For
this, Equation (8) is used.

cosineg,(p,g) = 6 3

where § represents semantic threshold value and is determined
as 0.7 in our study. Simultaneously, the semantic F1-score is
computed according to Equation (9), while semantic precision
and recall are calculated based on Equation (10).

__ 2XPrecisionggmXRecallgem

F1 = 9
semantic Precisiongem+Recallgem ©)

. TP TP
Precision == " Recall =S 10
Sem — |pred| ’ sem = |cold| (10)

where TP,,,,, stands for semantic true positives and is given as in
Equation (11).

TPy = |{p € Pred:3g € Gold s.t.
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cosinegim(p,g) = 68} (11)

The semantic F1-score can find synonymous keyphrases
and tolerate medical terminology. Consequently, if the model
generates the correct keyphrases in the reference keyphrase set,
the lexical F1-score will be high. On the other hand, if the model
can generate different keyphrases with the same meaning in the
reference keyphrase set, the semantic F1-score will be high.
Therefore, to compare models in terms of keyphrase extraction
performance, the final F1-score can be given as in Equation
(12).

Flfinal = max(FlsoftrFlsemantic) (12)

5. DATASET

The performance of open-source pre-trained language
models is evaluated using the Patient-Doctor Q&A TR 19,583
dataset (Bulut, 2025), which comprises a total of 19,583 doctor-
patient question-answer pairs. This dataset is divided into two
distinct subsets. The first subset consists of translations of
authentic patient questions and doctor responses from the
iICliniq platform from English to Turkish using GPT-3.5-turbo.
The second subset contains Turkish translations of the same
texts generated by Google Translate (Bulut & Diri, 2025).
Accordingly, the effectiveness of open-source language models
in keyphrase extraction is assessed separately on each subset.
Additionally, the influence of the two translation methods—
GPT-3.5-turbo and Google Translate—on model performance in
keyphrase extraction is systematically compared.
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6. RESULTS AND DISCUSSION

A light stemming process and a surface-form
normalization are applied to Turkish patient texts before
keyphrase extraction. These consist of pre-processing steps such
as lowercasing, punctuation cleaning, whitespace correction, and
suffix stripping to reduce superficial variations that may be
caused by suffixes in Turkish. A heuristic suffix stripping is
used in our study. Nominal and possessive suffixes such as “-
leri, -lari, -lerin, -larin, -Si, -s1, -nin, -mn, -nun, -nin” are
removed. For example, ‘“hastanin — hasta”, “agris1t — agr1”,
“kemigin — kemik”, etc. This pre-processing step aims to
diminish lexical sparsity and increase matching between
semantically identical but morphologically different keyphrases.

To ensure a fair comparison of the models, a two-stage
keyphrase extraction framework is used in this study, because
the language models used cannot naturally determine which
words or phrases will be keyphrases. Therefore, this study
ensures the pre-determination of keyphrase candidates for the
models. On the other hand, if this candidate generation process
is not performed before keyphrase selection, very general words
may be extracted as keyphrases, long sentence fragments may
be selected, and noise and computational costs may increase
significantly. Therefore, expressions that seem plausible as
keyphrase candidates are presented to the language models, and
the language models are then expected to choose from among
them. This two-stage keyphrase extraction framework narrows
the search space, significantly reducing noise by eliminating
stopwords, numbers, and nonsensical words. It is also faster
because there is no need to generate embeddings for each word
in the vocabulary. The first stage performs surface-level filtering
using n-gram statistics, while the second stage applies deep
contextual embeddings for semantic ranking.
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Based on our two-stage keyphrase extraction framework,
potential keyphrases are produced utilizing the CountVectorizer
function configured with an n-gram range (i.e., (1,3)) to enable
the extraction of unigrams, bigrams, and trigrams. For our study,
the vocabulary size is limited to the most frequent n-grams (i.e.,
max_features=40) in the documents.

The performances of the open-source pre-trained
language models are compared in terms of keyphrase extraction
from Turkish patient texts translated by GPT 3.5-turbo and
Google’s neural machine translation system separately.
Therefore, the 5-fold cross-validation results for each translated
dataset are presented under a separate heading. The best results
are indicated in bold. Mean F1-scores are presented in tables for
performance comparison while the results for 5-fold are given
via violin plots.

6.1. The Performance Comparison Using GPT
Translated Patient Comments

In Table 1, the average results of the models for
keyphrase extraction from Turkish patient texts translated by
GPT 3.5-turbo are given.

Table 1. Average Fl1-scores of the Keyphrase Extraction Models
Across 5-fold Cross-validation on GPT Translated Patient

Comments
Model Mean F1-score
Semantic-MPNet 0.5638
BERTurk 0.3433
mT5 0.2686
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F1 Score Distribution Across Models
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Figure 2. The violin plots of the F1-score distribution across
models for 5-fold cross-validation on GPT translated patient
comments.

From the observed results in Table 1, it can be concluded
that Semantic-MPNet has the highest and stable performance for
keyphrase extraction compared to BERTurk and mT5 models.
On the other hand, mT5, which is a generative model, lags
behind other models in terms of keyphrase extraction
performance.

Examining the violin plot given in Figure 2, it is
observed that most of the Fl-scores for Semantic-MPNet are
clustered in the high range, and it can be seen that even the
lowest performance value of Semantic-MPNet is at an
acceptable level in terms of keyphrase extraction. An analysis of
BERTurk's violin plot reveals a distribution of F1-scores in both
the upper and lower regions. This suggests that the keyphrase
extraction performance is sensitive to data splitting for
BERTurk. When mT5 violin plot is examined, it is observed that
F1-scores are mostly clustered in sub-regions. This suggests that
mT5 language model shows weaker and more inconsistent
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performance in keyphrase extraction from Turkish patient texts
compared to BERTurk and Semantic-MPNet language models.

6.2. The Performance Comparison Using Google
Translated Patient Comments

This section compares the performance of language
models for keyphrase extraction using patient texts translated
with the Google neural machine translation system. For this
purpose, Table 2 presents the average F1-scores of the language
models after 5-fold cross-validation.

Table 2. Average F1-scores of the Keyphrase Extraction Models
Across 5-fold Cross-validation on Google Translated Patient

Comments
Model Mean F1-score
Semantic-MPNet 0.5587
BERTurk 0.3398
mT5 0.2655

From the observed results in Table 2, it is apparent that
Semantic-MPNet has the highest mean performance (i.e.,
~56%) for keyphrase extraction from Turkish patient texts. On
the other hand, BERTurk has the second-highest average F1-
score performance value. mT5, however, shows lower
performance than Semantic-MPNet and BERTurk in terms of
average F1-score.

The average F1-scores for the models given in Table 1
and Table 2 are quite close to each other. For example, in Table
1, the keyphrase extraction performance of Semantic-MPNet
from patient texts translated with GPT 3.5-turbo is 56.38%
successful, while its keyphrase extraction performance from
patient texts translated with Google Translate is 55.87%
successful. The difference between these two values is
negligible. This situation also holds for BERTurk and mT5
language models shown in Tables 1 and 2.
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Figure 3. The violin plots of the F1-score distribution across
models for 5-fold cross-validation on Google translated patient
comments.

Furthermore, when examining the violin plot
performances given for the language models in Figure 2, it can
be easily seen that the F1-score spreads given in Figure 3 are the
same as those presented in Figure 2.

When the violin plots in Figures 2-3 and results in Tables
1-2 presented above are evaluated as a whole, the following
conclusions can be drawn:

e Translating patient texts using GPT 3.5-turbo or Google
Neural Machine Translation did not have any effect on
the performance of language models in the keyphrase
extraction task.

e The insensitivity of the proposed keyphrase extraction
methodology to the translation source of the patient texts
clearly demonstrates that the proposed method considers
not only lexical word matches but also semantic
representation.
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e Our proposed keyphrase extraction pipeline consists of
candidate generation — embedding similarity — ranking.
This method works better with encoder-based models
that have high contextual and semantic representational
ability.

e BERTurk aims to enhance token-level contextual
representations. In  contrast, Semantic-MPNet s
optimized for sentence-level semantic similarity tasks.
Consequently, Semantic-MPNet can produce more
discriminative  sentence-embeddings. Therefore, it
performs better than BERTurk in the similarity-based
ranking stage of the proposed keyphrase extraction
pipeline.

7. CONCLUSION

This study proposes a two-stage keyphrase extraction
framework designed to enhance clinical decision support
systems by effectively extracting key information from Turkish
patient texts. The proposed method is evaluated in terms of
performance using open-source pre-trained language models,
including BERTurk, mT5, and Semantic-MPNet, on Patient-
Doctor Q&A TR 19,583 dataset. The language models have
different NLP paradigms; BERTurk is a contextual encoder-
based language model trained for token-level representations,
Semantic-MPNet is a sentence-embedding language model
specialized for semantic similarity, and mT5 is a sequence-to-
sequence generative model in which keyphrase extraction can be
considered a text generation task. Therefore, comparing these
different architectures provides us to examine how model
paradigm changes keyphrase extraction performance from
Turkish clinical data, offering a paradigm-level analysis of
language models in terms of keyphrase extraction from Turkish
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clinical texts beyond simply comparing models in a classical
way.

Our experimental results have shown that Semantic-
MPNet exhibits strong model performance for extraction-based
tasks. In conclusion, this study demonstrates that embedding and
semantic similarity-based language models can be used as an
effective method for keyphrase extraction in morphologically
rich and unstructured Turkish clinical raw texts.
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GUC SISTEMLERININ EKONOMIK YUK
DAGITIMININ BiR iNCELENMESI®

Enzel AYDIN?
Abdullah Erhan AKKAYA?3

1. GIRIS

Elektrik {retiminde isletme maliyetinin azaltilmasi,
mevcut Uretim birimlerinin talebi hangi gli¢ duzeylerinde
karsilayacaginin belirlenmesini gerektirir. Ayni toplam giig,
santraller arasinda farkli bi¢cimlerde paylastirilabilir; ancak bu
dagilimlarin toplam maliyetleri esit degildir. Ekonomik yiik
dagitimi (EYD), tretim birimlerinin maliyet o6zelliklerini ve
isletme kosullarini birlikte degerlendirerek talebi en diisiik toplam
maliyetle karsilayan iiretim bilesimini arar. Bu nedenle problem,
yalnizca iretim kapasitesinin yeterliligiyle degil, mevcut

kapasitenin ekonomik bicimde kullanilmasiyla da ilgilidir
(Saadat, 1999).

Tiirkiye’deki bolgesel giic sistemleri, farkli yakit
maliyetlerine ve Uretim kapasitelerine sahip santralleri birlikte
icerir. Bu sistemlerde ekonomik dagitimin incelenmesi,
santrallerin ayr1 ayr1 degerlendirilmesinin 6tesinde, toplam talebi
karsilayan ortak bir isletme diizeninin kurulmasina dayanir.
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Basaran’in (2004) Tirkiye’deki 380 kV enterkonnekte giic
sistemine iligkin ¢aligsmasi, bolgesel sistemler lizerinde gli¢ akist
ve ekonomik dagitim analizlerinin uygulanmasina yonelik bir
temel sunmaktadir.

EYD  problemlerinin  ¢éziiminde  matematiksel
programlama ve metasezgisel arama yontemlerinden yararlanilir.
Matematiksel programlama yontemleri, amag¢ fonksiyonu ve
kisitlarin yapisim1 kullanarak ¢oziimii iyilestirir. Metasezgisel
yontemler ise ¢ozliim uzayinda farkli arama mekanizmalariyla
aday tiretim dagilimlar1 olusturur. Bir yontemin basgarisi, ulasilan
maliyet kadar ¢oziim siiresi ve tekrarlanan g¢alistirmalardaki
degiskenlikle de degerlendirilmelidir. Ozellikle dagitimin sik
guncellenmesinin amaglandigi uygulamalarda, hesaplamanin
zamaninda tamamlanabilmesi ayr1 bir degerlendirme ol¢iitiidiir.

Bu boliimde, sekiz generatdrlii ve 22 barali sistem ile alt
generatorli ve 14 barali sistem icin kayipsiz EYD sonuglar
incelenmektedir. Sirali En Kiigiikk Kareler Programlama
(SLSQP), Genetik Algoritma (GA), Yapay Ar1 Kolonisi (YAK),
Tabu Arama (TA) ve Tavlama Benzetimi (TB) yontemleri,
uygulanmis olduklar1 sistemlerde karsilastirilmaktadir. Sekiz
generatorlii sistemde GA, YAK ve SLSQP; alt1 generatorli
sistemde GA, TB, TA ve SLSQP sonuglart bulunmaktadir.
Incelenen &rneklerde SLSQP, diger yontemlerle yakin
maliyetlere daha kisa raporlanan ¢6ziim siireleriyle ulagmistir. Bu
bulgu, kullanilan modeller ve deney kosullar1 gercevesinde ele
alinmaktadir.
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2. EKONOMIiK YUK DAGITIMININ
KAVRAMSAL VE MATEMATIKSEL
TEMELLERI

2.1. Uretim Maliyeti ve Gi¢c Dengesi

EYD’de karar degiskenleri, generatorlerin aktif glc
tiretimleridir. Bir iiretim biriminin maliyeti, aktif gli¢ ¢ikisina
bagli ikinci dereceden bir fonksiyonla yaklasik olarak
modellenebilir. Bu gosterimde sabit terim ile dogrusal ve ikinci
dereceden  katsayilar, ilgili {iretim biriminin  maliyet
karakteristigini tanimlar. Her santral igin farkli katsayilarin
kullanilmasi, ayn1 miktarda gii¢ artisinin biitiin santrallerde ayni
maliyet artisina yol agmamasini saglar (Saadat, 1999).

C;(P) = a; + b;P; + ¢;P} (1)

Burada C;, i. generatoriin saatlik maliyetini; Pi, MW
cinsinden aktif gii¢ liretimini; aj, b; ve c; ise maliyet katsayilarini
gostermektedir.  Sistemin toplam maliyeti, devredeki n
generatOriin maliyetlerinin toplamidir. Optimizasyonun amaci bu
toplami1 en aza indirmektir.

min Cr = X' 1 Ci(P;) )

[letim kayiplarinin ihmal edildigi modelde toplam iiretim,
talep edilen aktif giice esit olmalidir. Uretim sinirlar1 modele
dahil edildiginde her generatoriin ¢ikisi alt ve {ist isletme limitleri
arasinda kalir. Temel kisitlar asagidaki gibidir:

i=1Pi = Pp 3)

Pimin < Py < Py 0 = 1,001 4)

Pp toplam gii¢ talebini, P;,min ve P;max ise ilgili birimin

alt ve st lretim smirlarimi belirtir. Maliyet azaltimi, talep
karsilanmadan elde edilen bir sonug¢ olarak yorumlanamaz. Bu

nedenle maliyet degerinin yaninda giic dengesi ve
uygulanabilirlik kosullarinin da degerlendirilmesi gerekir. Ayni
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sekilde, bir santralin diisiik maliyetli olmas1 biitlin talebin o
santrale aktarilabilecegi anlamina gelmez; {iretim kapasitesi bu
aktarimi sinirlar.

2.2. Artan Maliyet ve Kayiplarin Etkisi

Uretim maliyetinin aktif giice gore turevi, tretimdeki
kiigiik bir artisin maliyet iizerindeki etkisini ifade eden artan
maliyettir. Ikinci dereceden maliyet modeli icin bu deger,
dogrusal bir fonksiyonla gosterilir:

ac;
d_Pi = bi + 2CiPL' (5)

Kayiplarin olmadigi ve iiretim sinirlarinin etkin olmadigi
bir i¢ ¢oziimde, ekonomik dagitim kosulu generatorlerin artan
maliyetlerinin  esitlenmesidir. Bir birimin artan maliyeti
digerinden yliiksekse, uygun sinirlar i¢inde iiretimin daha diisiik
artan maliyetli birime kaydirilmasi toplam maliyeti azaltabilir.
Uretim sinirina ulagmis birimler i¢in degerlendirme, sinir kisitlar
dikkate alinarak yapilir (Saadat, 1999).

[letim kayiplar1 hesaba katildiginda ise toplam iiretimin,
talebin yaninda kayiplar1 da karsilamasi gerekir. Bu durumda giic
dengesi, toplam {iiretimin talep ile kayip giiciin toplamina esit
olmast bi¢ciminde degisir. Kayiplarin iiretim dagilimina bagl
olmasi, maliyet minimizasyonu ile sebeke yapisi arasindaki
iliskiyi giiclendirir. Dolayisiyla kayipsiz bir modelde elde edilen
dagilim, kayiplarin bulundugu modelin ¢6ziimiiyle ayn1 olmak
zorunda degildir.

Bu boliimdeki uygulama sonuglart kayipsiz durumlara
aittir. Generator limitleri ve maliyet katsayilar1 veri setinde
sunulmakla birlikte, ger¢ek sebekenin biitiin isletme ve giivenlik
kosullarini igeren bir optimal gili¢ akigi analizi yapilmamaktadir.
Bara sayilar1 sistemlerin tanmimlanmasin1 saglar; kayipsiz
EYD’nin karar degiskenleri ise generatorlerin aktif gii¢leridir. Bu
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ayrim, sonuglarin kapsamini ve farkli sistemlere aktarilabilirligini
degerlendirirken korunmalidir.

2.3. Ilgili Cahsmalarin Ortak Cercevesi

EYD literatiriindeki yontemler, ama¢ fonksiyonunun ve
isletme kisitlarinin degismesine bagl olarak c¢esitlenmektedir.
Sinha, Chakrabarti ve Chattopadhyay (2003), ekonomik yik
dagitiminda evrimsel programlama tekniklerini ele almigtir.
Subathra, Easter Selvan, Aruldoss Albert Victoire, Hepzibah
Christinal ve Amato (2015) ise ¢apraz entropi yontemi ile sirali
kuadratik programlamay1 birlestiren hibrit bir ¢o6ziim yaklagimi
sunmustur. Bu ¢alismalar, ¢6ziim uzayini arastiran yontemler ile
matematiksel  yapiyr  kullanan  yoOntemlerin  birlikte
degerlendirilebildigini gostermektedir.

Tiirkiye’deki giic sistemlerine iliskin karsilagtirmalar
bakimindan Arslan’in (2015) ekonomik ve g¢evresel ekonomik
yiik dagitimi calismasi ile Duman, Désoglu, Oztirk ve
Erdogmus’un (2010) GA, TB ve TA uygulamasi, burada
incelenen sistemler i¢in karsilastirma baglami olusturmaktadir.
Literatiirden derlenen karsilastirma degerleri ile bu calisma
kapsaminda Python ortaminda elde ettigimiz simiilasyon
sonuglarinin ayr1 olarak sunulmasi, yontemlerin bagimsiz
platformlardaki basarisini nesnel bi¢imde degerlendirmek
ac¢isindan onemlidir.

Literattrde bir yontemin iyi sonug¢ vermesi, bitin EYD
bi¢imleri i¢in ayn1 performans siralamasinin olusacagi anlamina
gelmez. Maliyet egrisinin bigimi, iletim kayiplari, tiretim sinirlari
ve algoritma ayarlart degistikce ¢oziimiin niteligi de degisebilir.
Bu boliimde karsilagtirmanin odagi, iki belirli kayipsiz sistemde
maliyet, siire ve tekrarlar arasindaki degiskenligin birlikte
degerlendirilmesidir.
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3. COZUMDE KULLANILAN OPTIMIiZASYON
YONTEMLERI

3.1. Sirali En Kiiciik Kareler Programlama

SLSQP, kisith optimizasyon problemlerinin ¢éziimiinde
kullanilan ve sirali kuadratik programlama yaklasimiyla iliskili
bir yontemdir. Temel fikir, mevcut ¢6zim cevresinde amag
fonksiyonu ile kisitlarin yerel bir modelini kurmak ve bu
modelden hareketle yeni bir arama yonl belirlemektir. Cozum,
ardisik alt problemler ve uygun adim uzunluklari iizerinden
giincellenir. Boylece amag¢ fonksiyonunun azaltilmasi ile
kisitlarin saglanmasi birlikte gozetilir (Nocedal ve Wright, 2006).

EYD’de her aday ¢6ziim, generator giiglerinden olusan bir
vektordur. Toplam maliyet amag fonksiyonunu, talep dengesi
esitlik kisitin1 ve iiretim limitleri degisken sinirlarini olusturur.
Diizgiin ve tiirevlenebilir maliyet fonksiyonlari, yerel tiirev
bilgisinden yararlanan bu yaklasim icin elverisli bir yap1 saglar.
Bununla birlikte, yontemin adi tek basma biitin problem
smiflarinda  kiiresel optimuma ulagilacagin1 garanti etmez;
sonuclar problem yapisi ve durdurma kosullariyla birlikte
degerlendirilmelidir.

Bu c¢alismada SLSQP uygulamasi, Python ortaminda
SciPy kiitliphanesinin  minimize fonksiyonu aracilifiyla
gerceklestirilmistir. Baslangi¢ iiretim vektoriiniin olusturulmast,
toplam maliyetin tanimlanmasi, talep esitliginin belirtilmesi ve
¢ozlimiin raporlanmast uygulamanin temel asamalaridir.
Algoritmaya iliskin Python kodlarmin adresi tezde ayrica
verilmigtir (Aydin, 2025). Burada sunulan siireler, bu uygulama
ortaminda raporlanan hesaplama siireleridir.

3.2. Genetik Algoritma

GA, aday ¢oziimlerden olusan bir popiilasyonu secilim,
caprazlama ve mutasyon islemleriyle gelistiren evrimsel bir
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yontemdir. Her adaym uygunlugu problemdeki amag
fonksiyonuna gore degerlendirilir. Daha iyi adaylarin sonraki
nesillere katkist artirilirken, ¢aprazlama farkli ¢6ziimlerin

Ozelliklerini birlestirir; mutasyon ise aramaya ¢esitlilik kazandirir
(Alhijawi ve Awajan, 2024).

EYD agisindan bir birey, biitiin generatorlerin Uretim
degerlerini iceren bir dagilima karsilik gelir. Uretilen adayin
toplam maliyetinin diisik olmas1 kadar talep ve {iretim
kosullarina uygunlugu da 6nemlidir. Kodlama ve kisit ele alma
tercihi, algoritmanin uygulanisini etkiler. Bu nedenle GA’nin
genel calisma ilkesi ile belirli bir uygulamanin parametreleri
birbirinden ayrilmalidir.

GA’nin popiilasyonla ¢alismasi, ¢6ziim uzayinda birden
fazla adayin es zamanl olarak degerlendirilmesini saglar. Buna
karsilik ¢ok sayida uygunluk hesabi yapilmasi siireyi artirabilir.
Bu ¢alisma kapsaminda GA her iki sisteme uygulanmis; sonuglari
maliyetin yani sira tekrar deneylerindeki degiskenlik bakimindan
da degerlendirilmistir.

3.3. Yapay An Kolonisi

YAK, arilarin besin arama davranisindan esinlenen bir
optimizasyon yoOntemidir. Besin kaynaklar1 aday c¢oziimleri;
kaynaklarin kalitesi ise uygunluk degerini temsil eder. Isci arilar
mevcut kaynaklarin ¢evresinde arama yapar, gozcii arilar
uygunluk bilgisine gore kaynak secger, kasif arilar ise yeterince
iyilesmeyen kaynaklarin yerine yeni adaylar iiretir (Karaboga,
2005; Karaboga ve Basturk, 2008).

EYD uygulamasinda bir besin kaynagi, tek bir santral
yerine sistemin biitiin iiretim dagilimini temsil edecek bi¢cimde
tanimlanabilir. Komsuluk aramasi bu dagilimi degistirerek daha
diisiik maliyetli adaylar arastirir. Mevcut iyi ¢ézlimlerin ¢evresini
inceleme ile yeni bolgeleri kesfetme arasindaki denge,
algoritmanin arama davranisi1  belirler. Gergek degerli
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optimizasyon i¢in gelistirilen YAK diizenlemeleri de bu arama
mekanizmalarini ele almaktadir (Akay ve Karaboga, 2012).

Bu ¢alismada YAK sonuglari sekiz generatorlii, 22 barali
sistem i¢in sunulmaktadir. Yontemin performansi, ayni sistemde
GA ve SLSQP ile karsilastirilmistir. Alt1 generatorlii sistem igin
YAK sonucu bulunmadigindan, bu sistemdeki yOntem
siralamasina YAK dahil edilmemektedir.

3.4. Tabu Arama

TA, arama ge¢cmisini kullanarak belirli hareketlerin kisa
bir siire i¢in yeniden yapilmasini engelleyen bellek temelli bir
yontemdir. Mevcut  ¢oziimiin  komsulugundaki  adaylar
degerlendirilir ve segilen hareketin Ozellikleri tabu listesinde
tutulur. Boylece aramanin ayni ¢ozlimler arasinda tekrar etmesi
sinirlandirilir.  Aspirasyon Olgiitii, yeterince iyi bir ¢oziim
saglayan tabu hareketine istisna taninabilmesini saglar (Glover,
1986).

EYD probleminde komsu ¢oziim, mevcut {iretim
dagiliminda yapilan degisikliklerle olugturulur. Hareketlerin nasil
tanimlandig1, tabu siiresi ve komsuluk biytlkligli, hem
hesaplama yukunu hem de ¢6zim kalitesini etkiler. Bu nedenle
TA’nin bir uygulamadaki maliyet degiskenligi, biitiin tabu arama
yaklagimlarma  ait  degismez  bir  Ozellik  olarak
yorumlanmamalidir. Burada TA, alt1 generatorlii sistemde GA,
TB ve SLSQP ile karsilastirilmaktadir.

3.5. Tavlama Benzetimi

TB, kontrollii sogutma siirecinden esinlenen bir arama
yontemidir. Mevcut ¢oziimden {liretilen komsu ¢éziim daha iyi
oldugunda kabul edilir. Daha yiiksek maliyetli bir aday ise
sicaklik parametresine bagli bir olasilikla kabul edilebilir. Bu
mekanizma, aramanin baglangigta daha genis bir bolgeyi
arastirmasina ve yalnizca 1iyilestirici hareketlerle siirh
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kalmamasina yardimecir olur (Kirkpatrick, Gelatt ve Vecchi,
1983).

Sicaklik diistiikce maliyeti artiran hareketlerin kabul
edilme olasilig1r azalir. Baslangi¢ sicakligi, sogutma programi,
komsuluk tiretimi ve durdurma kosullar1 yontemin davranisini
belirler. EYD uygulamasinda degerlendirilen biiyiikliik, {iretim
dagiliminin toplam maliyetidir. Caligmada TB, alt1 generatorlii
sistem iizerinde uygulanmistir; tekrar sonuglari, bazi
calistirmalarda yakin maliyetler elde edilse de daha yiiksek
maliyetli sonuglarin olusabildigini géstermektedir.

4. UYGULAMA SIiISTEMLERI VE
DEGERLENDIRME DUZENI

4.1. Bolgesel Gug Sistemleri

Birinci sistem, Turkiye’deki 380 kV seviyesindeki sekiz
generatdr ve 22 baradan olusan bolgesel sistemdir. Uretim
birimleri Hamitabat, Ambarli, Bursa Dogalgaz, Seyitomer, Soma
B, Yenikdy, Kemerkdy ve Yatagan santralleridir. Toplam talep
4000 MW olarak alinmistir. Sistem, sekiz liretim ve 14 yik
barasiyla tanimlanmaktadir (Basaran, 2004).

Ikinci sistem, alt1 generatorlii ve 14 barali bolgesel
sistemdir. Bursa Dogalgaz, Seyitomer, Soma B, Yenikdy,
Kemerkdy ve Yatagan iiretim birimlerini igerir; toplam talep
2734,9 MW’tir. Bu sistem, alt1 liretim ve sekiz yiik barasindan
olugmaktadir. Caligmadaki sistem tamimi ve literatiir
karsilastirmast Duman ve arkadaslarmin (2010) ¢alismasina
dayandirilmaktadir. Her iki sistemin ¢dzliimiinde iletim kayiplari
thmal edilmistir.

Generatorlerin maliyet katsayilar1 ile alt ve {ist gii¢
limitleri Tablo 1°de gosterilmistir. Alti generatorlii sistemde
tablonun ilk alt1 santrali kullanilmaktadir. Katsayilar, maliyet
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fonksiyonundaki sabit, dogrusal ve ikinci dereceden terimlerin
strasini izlemektedir.

Tablo 1. Generatorlerin iiretim sinirlari ve maliyet katsayilari

santral Alt simr  Ust simr a b c
(Mw)  (MW)

Bursa DG 318 1432 6780,5 5,682 0,0106
Seyitdmer 150 600 1564,4 3,1288 0,0139
Soma B 210 990 5134,1 6,2232 0,0168
Yenikoy 110 420 1159,5 3,3128 0,021
Kemerkdy 140 630 1697 3,2324 0,0137
Yatagan 140 630 1822,8 3,472 0,0147
Hamitabat 190 1120 6595,5 7,0663 0,0168
Ambarl 245 1350 7290,6 7,2592 0,0127

4.2. Hesaplama Ortam ve Karsilastirma Olgiitleri

Bu ¢alisma kapsamindaki hesaplamalar, Intel Core 19-
14900HX islemci ve 32 GB DDRS5 bellege sahip bir bilgisayarda
Python ile gergeklestirilmistir. Degerlendirmede ii¢ Olgiit
kullanilmistir: elde edilen toplam maliyet, raporlanan ¢6ziim
siresi ve metasezgisel yontemlerin tekrarlanan
calistirmalarindaki degiskenlik. Maliyetler dolar/saat ($/h),
tiretimler MW ve stireler saniye olarak ifade edilmistir.

Metasezgisel yontemler i¢in 20 ¢alistirmaya ait maliyet ve
stire kayitlar1 bulunmaktadir. Buna karsilik SLSQP i¢in sonug
tablolarinda verilen siirelerin ayn1 bicimde bir tekrar dagilinm
sunulmamistir. Bu nedenle SLSQP’nin tekil siire degerleri ile
diger yontemlerin 20 ¢alistirma ortalamalar1 ayn tiir istatistikler
olarak degerlendirilmemelidir. Boliimde tekil sonug tablolar ile
tekrar 6zetleri ayr1 olarak gosterilmektedir.

Elde edilen bulgular, belirlenen parametre setleri ve ele
alman iki test sistemi kapsamindaki deneysel performansi
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yansitmaktadir. Algoritmalarin farkli problem boyutlar1 ve kisit
yapilart altindaki  Olgeklenebilirligi, ileriki  ¢alismalarda
parametre duyarlilik analizleriyle desteklenebilir.

5. KARSILASTIRMALI BULGULAR VE
TARTISMA

5.1. Sekiz Generatorlii Sistemin Sonuclari

Sekiz generatorlii sistemin tiretim dagilimlar: Tablo 2°de
verilmigtir. GA, YAK ve SLSQP’nin santral bazindaki {iretimleri
birbirine yakindir. SLSQP’de en yiiksek iiretim Bursa Dogalgaz
santralinde 649,6943 MW, en diisiik iiretim ise Hamitabat’ta
368,7548 MW olarak raporlanmistir. Yakin toplam maliyetlere,
santraller arasinda kii¢iik lretim farklari iceren dagilimlarla
ulasilabilmektedir.

Tablo 2. Sekiz generatorli sistemde iiretim dagilimlar

Santral GA YAK SLSQP
(MW) (MW) (MW)
Hamitabat 366,583 367,435 368,7548
Ambarl 479,371 480,295 480,1974
Bursa DG 651,504 650,617 649,6943
Seyitomer 587,308 587,724 587,3105
Soma B 394,131 393,592 393,8555
Yenikoy 387,252 385,278 384,375
Kemerkdy 591,856 592,367 592,111
Yatagan 542,267 542,784 543,701

Maliyet ve stire sonuglar1 Tablo 3’te birlikte sunulmustur.
Elde edilen sonucglarda GA maliyeti 80530 $/h, YAK maliyeti
80530,59 $/h ve SLSQP maliyeti 80530,333 $/h olarak
verilmistir. Bu degerler farkli ondalik hassasiyetlerle raporlandigi
icin kiiglik maliyet farklari tizerinden kesin bir siralama yapilmasi
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uygun degildir. Bulgularin temel 6zelligi, yontemlerin yaklasik
ayni maliyet diizeyine ulagsmasidir.

Tablo 3. Sekiz generatorli sistemde maliyet ve ¢6zim streleri

Olgut GA YAK SLSQP
Maliyet ($/h) 80530 80530,59 80530,333
Sire (s) 112,908 27,53 0,00914

Arslan’dan (2015) bu calismaya aktarilan GA ve YAK
karsilagtirma degerleri de 80530 $/h diizeyindedir. Bu yakinlik,
aynm1 sistem icin benzer maliyetlerin elde edildigini
gostermektedir. Ancak bu literatiir degerleri, tezdeki Python
uygulamalarinin tekrarlar1 olarak degerlendirilmemelidir.

Raporlanan siirelerde belirgin fark vardir. GA ig¢in
112,908 saniye, YAK igin 27,53 saniye ve SLSQP i¢in 0,00914
saniye verilmistir. Elde edilen bulgular, SLSQP’nin GA’ya gore
yaklagik 12000 kat ve YAK’a gore yaklasik 3000 kat daha kisa
siirede sonug irettigini gostermektedir. Bu oranlar, belirli
Olgtimlerin karsilastirilmasidir; farkli donanim, durdurma ol¢iiti
veya uygulamalar i¢in ayni oranlarin olusacagi sonucunu vermez.

5.2. Alt1 Generatorlii Sistemin Sonuclar:

Alt1 generatorlii sistemin liretim dagilimlar1 Tablo 4’te
gosterilmigtir. SLSQP ¢6ziimiinde Bursa Dogalgaz 555,002 MW,
Seyitémer 515,072 MW, Soma B 334,073 MW, Yenikoy 336,559
MW, Kemerkdy 518,819 MW ve Yatagan 475,372 MW
tiretmektedir. GA ve TB dagilimlar1 SLSQP’ye yakinken, TA’da
Ozellikle Kemerkdy ve Yenikdy (retimlerinde daha belirgin
ayrisma goriilmektedir.
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Tablo 4. Alt1 generatorlii sistemde iiretim dagilimlar:

Santral GA TB TA SLSQP

(MW) (MW) (MW) (MW)
Bursa DG 557,269 555,480 562,116 555,002
Seyitomer 516,859 511,396 537,369 515,072
Soma B 331,623 335,243 340,720 334,073
Yenikoy 334,035 336,629 358,286 336,559
Kemerkoy 517,798 520,791 459,218 518,819
Yatagan 477,564 475,387 477,245 475,372

Tablo 5°te SLSQP maliyeti 47660 $/h, GA ve TB
maliyetleri 47661 $/h, TA maliyeti ise 47727 $/h olarak
raporlanmistir. Boylece bu sonug tablosunda en diisiik maliyet
SLSQP ile elde edilmistir. Bununla birlikte GA ve TB ile farkin
1 $/h oldugu ve maliyetlerin tam say1 diizeyinde verildigi dikkate
alimmalidir.

Tablo 5. Alt1 generatorlii sistemde maliyet ve ¢6ziim siireleri

Olgiit GA B TA SLSQP
Maliyet ($/h) 47661 47661 47727 47660
Stire (s) 26,24 7,79 33,77 0,00706

Calismada Duman ve arkadaslarindan (2010) aktarilan
karsilagtirma maliyetleri GA i¢in 47679 $/h, TB igin 47876 $/h
ve TA icin 47678 $/h’tir. Calisma kapsamindaki GA ve TB
uygulamalari bu degerlerden daha diisiik, TA uygulamasi ise daha
yiiksek maliyet vermistir. Bu durum, ayni yontem ailesinin farkl
uygulamalarinin ayni sonuca ulasmak zorunda olmadigini
gostermektedir.

Sire tablosunda SLSQP icin 0,00706 saniye
raporlanirken, GA i¢in 26,24 saniye, TB i¢in 7,79 saniye ve TA
i¢in 33,77 saniye verilmistir. Incelenen bu 8l¢iimlerde SLSQP en
kisa siirede sonug iiretmistir. Ancak TB'nin Tablo 5'te yer alan
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7,79 saniyelik degeri algoritmanin Python ortamindaki ilk
calistirma/Onbellek yiikleme siiresini yansitmakta olup, takip
eden caligtirmalardaki kararli ortalama stire Tablo 7'de goriildiigii
uzere 2,00 saniye dlzeyindedir.

5.3. Tekrar Deneylerinde Maliyet ve Siuire
Degiskenligi

Metasezgisel yontemlerin 20 c¢aligtirmasina ait maliyet
Ozetleri Tablo 6’da sunulmaktadir. Alti generatorlii sistemde
GA’nin ortalama maliyeti 47662,97 $/h ve standart sapmasi
1,38°dir. TB’de ortalama 47709,34 $/h, standart sapma 134,95;
TA’da ortalama 48148,80 $/h, standart sapma 238,21 olarak
raporlanmistir. Bu kayitlar icinde GA’nin maliyet degiskenligi
daha diistiktiir.

Tablo 6. Yirmi cahstirmada raporlanan maliyet istatistikleri

Sistem / Ortalama Standart

yontem ($/h) sapma Varyans
14 bara/ GA 47662,97 1,38 191
14 bara/TB 47709,34 134,95 18211,81
14 bara/ TA 48148,80 238,21 56743,92
22 bara/ GA 80533,94 2,06 4,25
22 bara/ YAK 80554,04 18,08 326,98

Sekiz generatorlii sistemde GA’nin ortalama maliyeti
80533,94 $/h, YAK’in ortalama maliyeti 80554,04 $/h’tir.
Standart sapmalar sirasiyla 2,06 ve 18,08 olarak verilmistir.
Dolayisiyla bu sistemde de GA’nin maliyet sonuglari, raporlanan
tekrarlar iginde daha dar bir dagilim gdstermektedir. Bu bulgu,
tek bir iyl ¢Oziimiin yam sira tekrarlanabilirligin  de
degerlendirmeye katilmasinin dnemini ortaya koymaktadir.

Stirelerin tekrar Ozetleri Tablo 7’de verilmistir. Alti
generatorli sistemde TB’nin ortalama siiresi 2,00 saniye ile GA
ve TA’dan kisadir. Sekiz generatorlii sistemde YAK’1n ortalama
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stiresi 27,85 saniye, GA’ ninki 104,59 saniyedir. Boylece maliyet
degiskenligi daha diisiik olan yontemin her zaman daha kisa
siirede ¢alismadig1 goriilmektedir.

Tablo 7. Yirmi cahistirmada raporlanan siire istatistikleri

Sistem / Ortalama Standart

. Varyans
yéntem (s) sapma
14 bara/ GA 22,34 2,00 4,01
14 bara/ TB 2,00 0,029 0,00085
14 bara/ TA 33,46 0,45 0,20
22 bara/ GA 104,59 7,96 63,39
22 bara/ YAK 27,85 0,44 0,19

5.4. Bulgularin Yorumlanmasi ve Uygulama Sinirlar:

Iki sistem birlikte ele alindiginda SLSQP nin dikkat ceken
Ozelligi, yakin maliyet diizeylerine kisa raporlanan siirelerle
ulagmasidir. Bu sonug, kullanilan ikinci dereceden maliyet
fonksiyonlarimin  ve kayipsiz modelin yapisiyla birlikte
degerlendirilmelidir. Diizgiin maliyet fonksiyonlar1 iizerinde
tlrev bilgisinden yararlanabilen bir yontemin performansi, daha
karmasik veya diizglin olmayan bir amag¢ fonksiyonundaki
performansini dogrudan belirlemez.

Deney sonuglart ayrica maliyet, siire ve degiskenligin ayr1
Olctitler oldugunu gostermektedir. GA, tekrar deneylerinde diisiik
maliyet degiskenligi saglarken daha uzun siirelere ihtiyag
duymustur. YAK ve TB belirli karsilagtirmalarda daha kisa
stireler sunmus, ancak maliyet dagilimlar1 daha genis olmustur.
TA’nin alt1 generatorlii sistemdeki maliyet degiskenligi, bu
uygulamadaki komsuluk ve parametre tercihlerinin ayrica
incelenmesini gerektiren bir bulgudur.

Sistemlerin yalnizca iki boyutta karsilagtirilmasi, biiyiik
Olcekli sistemler igin bir Glgeklenebilirlik sonucu ¢ikarmaya
yeterli degildir. Benzer bigimde, optimizasyonun kisa siirmesi tek
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basma ¢evrim i¢i igletimin dogrulandigi anlamina gelmez.
Cevrim i¢i kullanimda veri toplama, talep giincelleme, iletisim,
uygulanabilirlik kontrolii ve isletme giivenligi de toplam karar
siirecinin parcalaridir. Bulgular bu tiir uygulamalar i¢in bir
baslangi¢ gerekcesi sunmakta, tamamlanmis saha dogrulamasi
olusturmamaktadir.

Calismada generatorlerin  aktif giic {retim sinirlari
(P; min» Pimax) ile sistem gii¢ dengesi esitligi temel kisitlar olarak
dikkate alinmistir. Buna karsilik, iletim hatlarinin termik kapasite
limitleri, bara gerilim sinirlar1 ve sebeke kayiplar1 gibi sebeke
diizeyindeki operasyonel kisitlar kayipsiz EYD modeli
kapsaminda analiz dis1 birakilmistir.

6. SONUC

Bu boliimde Tiirkiye’deki sekiz generatorlii, 22 barali ve
alt1 generatorlii, 14 barali bolgesel gii¢ sistemlerinin kayipsiz
ekonomik  yik dagitimi  sonuglart  degerlendirilmistir.
Matematiksel modelin ardindan SLSQP, GA, YAK, TA ve TB
yontemlerinin temel c¢alisma ilkeleri agiklanmis; uygulanmis
olduklar1 sistemlerde iiretim dagilimlari, maliyetler, ¢6zim
siireleri ve tekrar istatistikleri karsilastirilmistir.

Sekiz generatorli sistemde SLSQP ile 80530,333 $/h
maliyet ve 0,00914 saniye ¢oziim siiresi elde edilmistir. GA ve
YAK ayni sistemde yakin maliyetler vermis, raporlanan siireleri
daha uzun olmustur. Alt1 generatorlii sistemde SLSQP’nin
maliyeti 47660 $/h ve siresi 0,00706 saniyedir. GA ve TB’nin
47661 $/h degerleri bu maliyete yakinken, TA igin 47727 $/h
raporlanmistir.

Tekrar deneyleri, degerlendirmeye farkli bir boyut
eklemektedir. GA’nin her iki sistemdeki maliyet standart
sapmalari, karsilagtirildigir metasezgisel yontemlerden diistiktiir.
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Buna karsiik siire bakimindan YAK ve TB’nin kendi
sistemlerinde GA’dan daha kisa ortalamalara sahip oldugu
goriilmiistiir. Bu nedenle yontem sec¢imi, yalnizca tek bir
calistirmanin en diisiik maliyetine dayandirilmamalidir.

Sonuglar, incelenen kayipsiz modellerde SLSQP’nin kisa
siirede ekonomik dagitim iiretebildigini gdstermektedir. Daha
kapsamli degerlendirmelerde iletim kayiplar1 ve isletme
kisitlarinin agik bigimde modellenmesi, farkli talep diizeylerinin
incelenmesi, ortak durdurma olgiitlerinin kullanilmasi ve SLSQP
dahil biitiin yontemler igin tekrarl siire 6lglimlerinin sunulmasi
yararli olacaktir. Boyle bir degerlendirme, gozlenen hesaplama
avantajinin  hangi kosullarda siirdiigini ve c¢evrim igi
uygulamalara ne Ol¢iide aktarilabildigini ortaya koyabilir.
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THE EFFECT OF GRAPH DENSITY AND
THREAD COUNT ON THE PERFORMANCE OF
MALATYA CENTRALITY-BASED MAXIMAL
INDEPENDENT SET DETECTION

Furkan OZTEMIiZ!

1. INTRODUCTION

Graphs enable many real-world systems, such as
communication networks, transportation systems, social
interaction structures, biological networks, text representations,
and scheduling problems, to be modeled through vertex and edge
relationships. In these models, an independent set is a
fundamental combinatorial structure that requires selecting
vertices that are pairwise nonadjacent. Whereas the maximum
independent set problem seeks an independent set of highest
cardinality, a maximal independent set is one to which no new
vertex can be added. This distinction is especially critical in the
evaluation of greedy methods, because a greedy process can
always produce a maximal output but does not guarantee
maximum cardinality on general graphs. Exact algorithms
developed for the maximum independent set problem retain
exponential worst-case complexity, and techniques that are
sensitive to problem structure are needed for large-scale instances
(Xiao & Nagamochi, 2017).

The computational cost of the independent set problem is
affected not only by the selection rule, but also by graph size,
density, data structure, and the parallel execution capacity of the

1 Inénii University, Faculty of Engineering, Department of Software Engineering,

ORCID: 0000-0001-5425-3474.
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hardware. In particular, for graphs containing hundreds of
thousands of vertices and tens of millions of edges, scanning
adjacency lists, updating vertex scores, and making a global
selection at each iteration make memory-access and
synchronization costs pronounced. Therefore, the way in which
the same logic scales on a multicore system should be examined
scientifically just as much as the theoretical selection logic of the
algorithm. The parallel maximal independent set literature ranges
from the classical randomized approaches of Luby (1986) and
Alon, Babai, and Itai (1986) to more recent studies that parallelize
greedy orderings while preserving their dependency structure
(Blelloch, Fineman, & Shun, 2012).

The method examined in this chapter is a deterministic
maximal independent set process that uses the Malatya Centrality
(MC) value as the greedy selection priority (Yakut 2025b).
Malatya Centrality is a centrality approach that measures the local
structural position of a vertex by relating its degree to the degrees
of its neighbors (Yakut, Oztemiz, & Karci, 2023), (Karaca, C., &
Yakut, S. 2025). Subsequent studies compared MC rankings with
well-known centrality measures (Yakut, Oztemiz, & Karci, 2025)
and showed that derivative variants can be used in independent
set selection (Oztemiz, 2025). The experimental question here is
not whether the algorithm finds the maximum independent set,
but rather the extent to which the same deterministic greedy
selection can benefit from an increasing number of threads at
different graph densities.

The experimental basis of the study consists of five G(n,p)
graphs with n=100,000 vertices and edge probabilities p={0.01;
0.03; 0.05; 0.07; 0.10}. The G(n,p) model is the classical random
graph model in which each possible edge is present independently
with probability p (Gilbert, 1959). At each density, 22 thread
configurations were run 21 times, yielding a total of 2,310 full-
solution runs and 782,166 independent-set member detection
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events. The primary objective is to jointly evaluate the interaction
between thread count and graph density in terms of absolute
latency, speedup, parallel efficiency, number of algorithmic
rounds, and phase-based runtime.

The contribution of the chapter can be summarized in
three points. First, it is shown that as density increases, the
volume of the neighborhood scanned in an iteration grows, while
the total number of iterations decreases because the closed
neighborhood of the selected vertex also grows. Second,
increasing the thread count up to the nominal minimum time is
not always appropriate from the perspective of resource
efficiency; on a system with 14 logical processors, the range of
13-20 threads provides a strong latency-resource balance at most
densities. Third, threats to validity such as the use of a single seed
and nested graphs, JVM warm-up, oversubscription, and
measurement scope are reported explicitly, thereby defining the
limits within which the results should be interpreted.

2. THEORETICAL FRAMEWORK AND
RELATED WORK

2.1. Independent Set, Maximality, and Maximum
Cardinality

In an undirected graph G=(V,E), a set SSV is an
independent set if no two vertices in S are connected by an edge.
If S cannot be extended to a larger independent set by adding a
single vertex, it is a maximal independent set; if |S| is the largest
among all independent sets, it is a maximum independent set.
Maximality is a local completeness property, whereas maximum
cardinality is a global optimality property. Therefore, every
maximum independent set is maximal, but not every maximal
independent set is maximum. Throughout this study, the

132



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

measured |IS| values are deterministic outputs of the MC-based
greedy method and are not interpreted as evidence of optimality.

The maximal independent set problem has a special place
in parallel and distributed algorithms. Luby (1986) presented one
of the foundational examples of fast parallel maximal
independent set algorithms, while Alon et al. (1986) examined the
runtime of the randomized parallel approach under PRAM
models. Blelloch et al. (2012) showed that the dependency depth
of the sequential greedy maximal independent set algorithm
under random vertex orderings permits parallel implementations
that preserve greedy behavior. This literature emphasizes that the
maximality guarantee is compatible with parallel computation,
but that the parallelization strategy must be designed according to
data dependencies.

2.2. Malatya Centrality and the Greedy Selection
Rule

Centrality measures are used to quantify the structural
positions of vertices in a graph. In the classical centrality
literature, measures such as degree, closeness, and betweenness
represent different structural meanings (Freeman, 1978). Malatya
Centrality, by contrast, is a local ratio measure that relates the
degree of a vertex to the degrees of its neighbors. According to
the definition of Yakut et al. (2023), for a vertex v with d(v)>0 in
the current induced graph G, the value used is as follows: (Yakut
2025a)

d 1
Maw) = 3PS A0 D G

UEN:(V) UEN(V)

This expression evaluates a high-degree vertex not only
by its own degree but also in the context of the degrees of its
neighbors. The Malatya centrality value of a vertex is obtained by
dividing the degree of that vertex separately by the degrees of its
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neighboring vertices and summing these values. In the greedy
process examined, the vertex with the smallest MC value is
selected at each iteration; in the event of a tie, the smaller vertex
ID is used as the deterministic tie-breaker. The selected vertex v*
is added to the independent set, and v* together with its closed
neighborhood N{v*] is removed from the active graph. Thus,
independence is preserved between successive selections.
Vertices with degree zero in the current graph are added directly
to the set.

v* = arg miny ( MCt(V), id(V) ), S«—~Su {V*}, V{t+1} — Vi\ Nt[v*]

Although the application of the MC approach to the
independent set problem was presented in early studies in the
context of the maximum independent set (Yakut et al., 2023), the
safe and directly stated outcome of greedy selection for general
graphs is maximality. The Differential Malatya Independent Set
Algorithm study also reports strong experimental results for
various graph families, while clearly showing that the result on
random and social graphs need not be optimal in general
(Oztemiz, 2025). This chapter conducts the performance analysis
within this cautious maximality framework.

2.3. Parallelization Strategy

In the implementation examined, the iterations themselves
are sequential, because the active vertex set, degrees, and
neighborhoods at time t+1 depend on the vertex selected at time
t. Parallelism is applied within the MC scan of each iteration. The
coordinator thread partitions the active vertex-ID space into
Q=min(n,4P) task blocks, where P is the number of worker
threads. In the same read-only iteration state, each worker
computes the MC values in its own block and the task-local
minimum. After all tasks are completed, a barrier is formed, the
global minimum is selected deterministically from the local
minima, and the active graph is updated by a single coordinator.
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This design aims to keep the greedy selection order
independent of the thread count. Rather than changing the
decision logic of the algorithm, parallelization shares the score-
computation cost of the same decision. A natural consequence is
that the relative share of isolated-vertex scanning, minimum
reduction, graph updating, and barrier operations, which either
cannot be parallelized or require coordination, increases in the
total runtime as the thread count increases. The serial fraction
imposing an upper bound at a fixed problem size is consistent
with Amdahl's (1967) classical scalability argument. Gustafson's
(1988) scaled-problem perspective, in turn, reminds us that more
processors create a different speedup regime only when the
workload also scales; because n is fixed in these experiments, the
results primarily represent strong-scaling behavior.

3. EXPERIMENTAL DESIGN AND METHOD
3.1. Research Questions

The experimental study focuses on three research
questions: (a) to what extent does increasing the thread count
reduce the time required to detect all independent-set members at
each density; (b) how does graph density change the saturation
point of the speedup and parallel-efficiency curves; and (c) how
can the observed saturation be explained through the number of
algorithmic rounds and phase-based runtimes? Rather than
merely identifying the “fastest” thread count, these questions also
aim to determine a resource-efficient operating point.

3.2. Graph Generation and Experimental Matrix

Five experimental graphs were generated with n=100,000
vertices and target edge probabilities p=0.01; 0.03; 0.05; 0.07;
0.10. Because all densities were generated using seed=42 and the
same underlying vertex-pair random-number sequence, the
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graphs are not independent samples; higher p values form a
controlled, nested graph family in which more edges are activated
over the same underlying randomness. Although this common-
random-number approach facilitates examining the increase in
density over the same underlying structure, it cannot be
interpreted as providing five independent replications from the
G(n,p) population.

Table 1. Experimental design and execution environment

Component Value
Number of vertices (n) 100,000
Thread counts 1-14; 20; 40; 50; 60; 70; 80; 90; 100
Repetitions / cell 21
Total full-solution runs 2,310

Apple M4 Pro, 14 physical / 14 logical

CPU-Memory processors - 24 GiB
Operating system macOS 26.5.2, arm64
Java Oracle Java HotSpot 23.0.2
Graph library JGraphT 1.5.2

Note: JGraphT is a library developed for general-purpose Java graph data structures
and algorithms (Michail, Kinable, Naveh, & Sichi, 2020).

Each density was run in a separate JVM process in a fixed
increasing order of p. Each density/thread cell was measured 21
times; the thread order was applied in the forward direction in
odd-numbered trials and in the reverse direction in even-
numbered trials. The small-scale n<300 warm-up run was
excluded from the main measurement. Graph generation,
independence/maximality validation, and file writing were not
included in the primary timer. Because JIT compilation, garbage
collection, thread scheduling, and runtime variability can affect
Java performance measurements, repetition, warm-up, and
statistical reporting are important (Georges, Buytaert, &
Eeckhout, 2007).

3.3. Metrics and Statistical Evaluation

The primary endpoint is end to end detection ms, defined
as the elapsed time from the start of the solution call until the
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identity of the final independent-set member is determined. This
metric includes state preparation, creation of the worker pool, and
preceding iterations; it excludes the graph update after the final
detection and pool shutdown. Parallel mc phase ms is the sum of
task creation, submit, worker computations, and barrier waiting;
therefore, it should not be interpreted solely as arithmetic MC
computation time. The median and interquartile range (IQR) were
reported for each cell. Medians and speedups relative to the 1-
thread reference at the same density were converted into 95%
confidence intervals using a percentile bootstrap with 20,000
resamples, blocking by trial ID. The graph-generation random
seed value is 20260810. Speedup and parallel efficiency were
calculated as follows:

Speedup(P) = T1/ Te, Efficiency(P) = Speedup(P) / P

These intervals reflect runtime variability on the fixed
seed-42 graph; they do not reflect uncertainty across different
graph realizations. Therefore, the confidence intervals were
interpreted not as sampling intervals generalizable to the graph
population, but as an indicator of runtime stability on the same
experimental object. In addition, the “5% plateau” was defined as
the smallest tested thread count whose median time remained no
more than 5% above the lowest median time observed at each
density. This threshold is a descriptive decision criterion from a
resource/efficiency perspective; it is not a statistical equivalence
test.

3.4. Accuracy and Reproducibility Checks

Before the analysis, the raw measurement, summary, and
member-trace files were rescanned; the 5x%22x21=2,310
experimental cell/trial grid, 782,166 member events, active-
vertex transitions, MC scores, monotonic times, and phase totals
were checked. Independence, maximality, and the invariance of
the selection sequence across different thread/repetition runs
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within the same density were also verified. All 31 checks were
successful. This finding supports that the performance
comparisons were made not between different solutions, but
between executions producing the same deterministic member
sequence.

4. RESULTS
4.1. Realized Graphs and Algorithmic Workload

Table 2. Topological and algorithmic properties of the realized

graphs
p Edge count Avg. degree [1S] Rounds
0.01 49,997,548 999.95 889 889
0.03 149,989,446 2,999.79 334 332
0.05 249,986,983 4,999.74 209 209
0.07 349,982,357 6,999.65 155 153
0.10 499,982,710 9,999.65 106 106

Note: |IS| is the deterministic maximal-independent-set output size of the MC-greedy
method; it is not claimed to be the maximum independent set cardinality.

When moving from p=0.01 to p=0.10, the number of
edges increased by approximately tenfold, while the average
degree rose from about 1,000 to 10,000. In contrast, the
independent set size decreased from 889 to 106, and the number
of sequential algorithmic rounds also decreased from 889 to 106.
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Graph Density, Topological Workload, and Algorithm Output
A. Realized edge count
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Figure 1. Increase in edge/average-degree workload and decrease
in MC-greedy output size and sequential round count as graph
density increases.

Source: Created from the experimental outputs in the benchmark report.

Thus, increasing density produces two opposing effects:
longer adjacency lists for each active vertex require more memory
reads and degree checks, whereas the larger closed neighborhood
of a selected vertex allows the active graph to shrink more rapidly.
The fact that total runtime does not increase monotonically with
density can be explained by this opposition.

4.2. Detection Time by Thread Count

Across all densities, increasing the thread count from 1 to
8 produced a marked reduction in latency. Thereafter, the
marginal gain diminished and the curves flattened after
approximately 13-20 threads. This pattern is consistent with the
fact that isolated-vertex scanning, task preparation, global-
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minimum reduction, graph updating, and iteration barriers do not
disappear completely even though the MC scan is parallelized.

Thread Scaling Across Graph Densities

MC-greedy maximal independent-set all-member identification
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Figure 2. Time required to identify all maximal independent set
members as a function of thread count across five graph densities.

Note: Gray bars show the IQR, blue bars show the bootstrap 95% confidence
interval for the median, and diamonds indicate the nominal minimum among
the tested configurations. The dashed line marks the limit of 14 available
processors.

Beyond the 14 logical processors, the 20-100-thread settings are
in the oversubscription region; therefore, additional threads do
not imply additional physical execution resources.
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4.3. Speedup, Efficiency, and the Resource-Efficient
Operating Point

Table 3. Key performance indicators by density

p 1T median (s) Best T Best (s) Speedup Eff. 5% T
0.01 26.754 40 3.043 8.79% 21.98% 13
0.03 24.153 50 3.134 7.71% 15.42% 20
0.05 23.351 70 3.388 6.89x 9.85% 13
0.07 23.039 100 3.704 6.22x 6.22% 13
0.10 23.065 100 4.393 5.25% 5.25% 13

Note: “Best T” indicates only the lowest median among the 22 tested configurations.
5% T is the smallest tested thread count that remains no more than 5% above the
minimum.

Density-Specific Identification Speedup

Each row is normalized to its own one-thread median
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Yellow outlines mark the lowest observed median in each density; values (rounded to 0.1x)
are not normalized across densities.

Figure 3. Thread speedup gains by graph density.

At the sparse end, p=0.01, 10 threads provided a 7.91x
speedup, 14 threads provided 8.69x, and 40 threads, which
yielded the nominal minimum, provided 8.79x. At p=0.10, the
corresponding values decreased to 4.82x, 5.12x, and 5.25x at 100
threads. Thus, the best observed speedup decreased by
approximately 40.3% between the two ends of the density range.
This decrease is consistent with the parallel scan reaching
saturation earlier in denser graphs in the face of shared-memory
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and coordination costs; however, because memory bandwidth
was not measured directly using hardware counters, this
explanation should be treated as a mechanistic interpretation.

The increase in the thread count yielding the nominal
minimum from 40 to 100 may initially suggest that more threads
are required. However, these points were obtained with very low
parallel efficiency: 21.98% at p=0.01 and only 5.25% at p=0.10.
In contrast, the smallest setting within 5% of the minimum is 20
threads for p=0.03 and 13 threads for the other four densities. For
example, at p=0.10, 13 threads are only 3.33% slower than the
nominal minimum, while imposing much less scheduler and task-
coordination pressure than 100 threads. Therefore, in production
systems, “lowest measured latency” and “a rational operating
point per unit of resource” should be treated as separate decision
variables.

4.4. Effect of Density on Absolute Latency

As density increased, the single-thread time decreased
from 26.754 seconds to 23.065 seconds, or by approximately
13.8%. This result shows that the simple expectation that more
edges will always produce a longer total runtime is insufficient.
Although the number of edges and average degree increased by
approximately tenfold, the roughly 88% reduction in the number
of rounds compensates for the additional neighborhood cost in
serial execution. On the other hand, the best observed parallel
time increased from 3.043 seconds to 4.393 seconds, or by
approximately 44.4%. Although the number of rounds continues
to decrease in the parallel regime, the large neighborhood volume
and coordination burden of each round limit the benefit obtained
from additional threads.

This opposing behavior is an important performance-
engineering result: graph density changes not only the total
“amount of work,” but also the distribution of that work across
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iterations. In the sparse case there are more iterations but cheaper
scans, whereas in the dense case there are fewer iterations but
more expensive scans. As the thread count increases, the latter
structure amplifies the relative effect of memory access and
synchronization, causing the strong-scaling curve to plateau
earlier.

Run-to-Run Identification-Time Variability

p=0.01 p=0.03

3000 _

10.00 - -
=z T T

® a00 s L et e o e =] — I T
w
gqoor p =0.05 p=0.07

45 30.00

@
E
= _ -
2 10.00 — —

[+
2 - -
£ - ﬂ_

5 - -

- - e

% 3.00 TTEEee e

5 3.00
a2 ~ v e @ S 4 OO0 O O 0
E p=0.10 NPE & & 5
£ 30.00
<

10.00 -

Figure 4. Distribution of the 21 full-member detection times in
each density/thread cell. These are runtime repetitions on the
fixed graph, not independent graph realizations.

4.5. Phase Decomposition and the Amdahl Limit

Phase decomposition shows that, with 1 thread, the
dominant portion of total kernel time comes from the MC
computation phase; as the thread count increases, this phase
decreases sharply. In contrast, the graph-update stage remains
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largely serial, while coordination costs such as isolated-vertex
scanning and reduction/barrier operations do not disappear
completely. At p=0.10 and 100 threads, creating 400 task chunks
in each iteration makes task-scheduling and join costs relatively
more visible as parallel computation decreases.

Median Kernel-Time Decomposition
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Figure 5. Phase-based median time decomposition of the solver
kernel at selected thread counts.

Note: The bars stack the phase medians; because the median of each phase is
calculated separately, the stacked total is not necessarily equal to the median
of the total kernel time.

This result is the practical counterpart of Amdahl's law:
once the parallelized MC phase becomes sufficiently small, serial
and coordination-heavy components begin to determine the total
runtime. Therefore, adding more threads does not increase total
speedup at the same rate even if it provides a small gain in the
parallel phase. For this reason, the sharp drop in the efficiency
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curve after 14 threads should be explained not only by hardware
oversubscription, but also by the decreasing share of the
accelerated component in the total runtime.

5. DISCUSSION
5.1. Meaning of the Density-Scalability Interaction

The experiments show that the effect of graph density on
parallel performance is not one-dimensional. On the one hand, as
density increased, the number of independent-set members and
the number of greedy iterations decreased dramatically, which
reduced the total single-thread runtime. On the other hand, the
neighborhood scan and degree-based MC computation in each
iteration touched a larger volume of data, making the memory-
access characteristics of the parallel phase more demanding. As a
result, the serial run became slightly faster, while the best parallel
run became slower and the maximum observed speedup
decreased. This distinction shows that scalability analysis in
graph algorithms should consider not only n or |E|, but also how
the algorithm shrinks the active graph.

MC-based selection is particularly interesting here
because the scores must be recomputed from the current active
degrees at every iteration. This property keeps selection quality
responsive to the current structure while creating strong data
dependencies  between iterations. Thus, the current
implementation differs from Luby-type MIS algorithms that
make many independent selections within the same round;
parallelism occurs not between decisions, but in the score scan
preceding a single decision. This architecture makes it easier to
preserve the deterministic output order, but it also limits the
maximum degree of parallelism.
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5.2. Operating Point from the Perspective of Resource
Efficiency

When converting a benchmark result into a production
setting, tracking only the smallest runtime can be misleading. On
a l14-processor system, the range of 40-100 threads does not
increase physical parallelism; instead, it presents more runnable
tasks to the operating system and JVM scheduler. The fact that
nominal minima occur in this region may lead very small,
runtime-noise-sensitive differences in the tail of the curve to be
called “optimal.” When metrics such as resource consumption,
energy, impact on co-running processes, and tail latency are taken
into account, the 5% plateau approach is useful for selecting a
more balanced default.

In this data set, 13 threads remained within 5% of the best
median at four densities, while 20 threads did so at p=0.03. This
result is not a universal, hardware-independent recommendation;
it was obtained in the context of the Apple M4 Pro, Java 23,
G1GC, and the data structures used. Different NUMA
architectures, servers with more cores, different heap/GC
settings, or adjacency representations may change the saturation
point. Nevertheless, the methodological lesson is general: the
“fastest tested setting” and a “sufficiently fast and more efficient
setting” should be reported together.

5.3. Benchmark Quality and Scientific Reproducibility

One of the strengths of the study is the use of 21
repetitions per cell, forward/reverse balancing of order direction,
median/IQR, bootstrap intervals, and comprehensive validation
checks. In managed runtimes such as Java, performance results
based on a single run or only the best measurement are known to
be potentially misleading (Georges et al., 2007). However, the
current design could be improved with respect to full-size warm-
up/fork repetitions, randomization of density order, and the use of
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multiple graph seeds. In particular, if generalization to the graph
population is intended, multiple independent seeds should be used
for each p, and within-seed runtime repetitions and between-seed
structural variability should be separated hierarchically.

For reproducibility, it is important to specify the source
code, fixed parameters, and the JGraphT version used. JGraphT
provides a widely used Java infrastructure for data structures and
algorithms in academic/applied graph studies (Michail et al.,
2020). Nevertheless, implementing the same algorithm with
different adjacency representations, primitive collections, or
cache-local data structures can change absolute runtimes.
Therefore, the numbers reported here are valuable for
methodological comparison; when transferring the method to
another software stack, the shapes of the curves and the saturation
mechanisms should be considered more fundamental than the
absolute time values in seconds.

6. LIMITATIONS AND THREATS TO VALIDITY

The first limitation is that the experiments are based on a
nested graph family generated from a single seed=42. The 21
repetitions do not generate new graph instances; they measure
runtime variability on the same graph. Therefore, independent
seed replications are required to generalize the density effect to
the G(n,p) population. Second, the output of the algorithm is
maximal; maximum independent set cardinality or approximation
ratio is not the subject of this benchmark. Third, all settings
beyond 14 threads are oversubscribed, and the
optimum/saturation point may vary with the CPU, memory
system, JVM, and operating system.

Fourth, the thread grid is sparse after 14; because the
ranges 15-19 and 21-39 were not scanned, 40, 50, 70, or 100
threads cannot be called a “global optimum.” The scientifically
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accurate statement is the lowest median among the tested
configurations. Fifth, the forward/reverse order is neither full
randomization nor a Latin square, and the positions are not
perfectly balanced because of the 21 repetitions. JIT, GC, thermal
state, and long-term system-load drift may remain. Sixth, warm-
up is limited to n<300; the n=100,000 execution path was not
warmed with a separate full-size steady-state protocol.

Seventh, graph generation, validation, and file writing are
not included in the main runtime. This approach is appropriate for
isolating the solver kernel, but it does not represent one-off end-
to-end application latency. Eighth, member-trace instrumentation
is enabled in all runs and may introduce greater overhead than the
uninstrumented solver. Ninth, ms/member or ms/iteration values
do not represent an equal amount of work across densities because
the neighborhood volume scanned in each iteration varies with p.
Finally, the five densities were run in separate JVMs in a fixed
increasing order of p; this may confound the density effect with
long-term changes in thermal conditions or system load.

7. CONCLUSION

This chapter examined the thread scalability of the MC-
based deterministic greedy maximal independent set algorithm
and its interaction with graph density on five G(n,p) graphs with
n=100,000 vertices. At all densities, increasing the thread count
substantially reduced the full-member detection time, but linear
speedup was not observed. The best observed speedup was 8.79%
at p=0.01 and decreased to 5.25x at p=0.10; as density increased,
the parallel gain reached saturation earlier.

While the increase in density raised the number of edges
by approximately tenfold, it reduced the greedy output size from
889 to 106 and the number of rounds from 889 to 106.
Consequently, the single-thread time decreased by approximately
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13.8% from p=0.01 to p=0.10. In contrast, the best parallel time
increased from 3.043 seconds to 4.393 seconds. The findings
show that in dense graphs consisting of fewer but more expensive
iterations, neighborhood-scanning and coordination costs
constrain the scaling of the parallel phase earlier.

From the perspective of resource use, the most important
practical result is the distinction between the nominal minimum
runtime and the efficient operating point. On the test system with
14 logical processors, the range of 13-20 threads produced
runtimes very close to the lowest medians, whereas the range of
40-100 threads provided only small additional latency gains with
a marked loss of efficiency. Future studies should directly
measure the effects of memory bandwidth, cache misses, and
scheduling using multiple seeds, randomized density order, a full-
size JVM warm-up/fork design, and hardware performance
counters. In addition, repeating the same methodology with
different data structures and high-core-count architectures will
reveal the cross-hardware scalability profile of the MC-based
greedy approach more reliably.
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STUDENTS’ EXPERIENCES OF LEARNING TO
PROMPT GENERATIVE Al: A META-
SYNTHESIS OF QUALITATIVE RESEARCH IN
K-12 AND HIGHER EDUCATION

Nihan ARSLAN NAMLI*

1. INTRODUCTION

When ChatGPT became publicly available in November
2022, many students soon discovered that the quality of what
came back depended heavily on what they typed in. A one-line
request produced a generic paragraph; one with a purpose, an
audience and constraints produced something usable. The ability
to formulate, test and revise such inputs, usually called prompt
engineering, has quickly come to be treated as a component of Al
literacy that students are expected to develop (Knoth, Tolzin,
Janson, & Leimeister, 2024).

Reviews have catalogued prompting techniques in higher
education (Lee & Palmer, 2025) but say little about the learner’s
side of the screen: what it is like to learn to prompt, and when
students begin to treat prompt writing as a thinking task rather
than a technical trick.

Qualitative studies addressing these questions are small
and scattered across disciplines. Two recent meta-syntheses of
nursing students’ experiences with generative Al illustrate the
gap: in both, prompting surfaced only as a subordinate finding, as
limited Al literacy (Wang et al., 2026) or as demanding prompt
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formulation within a category on insufficient digital literacy (Du
et al., 2026), and both covered a single profession. No qualitative
evidence synthesis was identified that focused on how learners
experience learning to prompt across school and university levels.

This chapter therefore reports a meta-synthesis of
qualitative studies on students’ experiences of learning to prompt
generative Al in K-12 and higher education. Two questions
guided the review:

(1) How do students experience the process of learning to
prompt generative Al?

(2) How do these experiences differ between school-level
and university-level learners?

2. CONCEPTUAL BACKGROUND
2.1. From Prompt Engineering to Prompt Literacy

In education the meaning of prompt engineering has
widened beyond the systematic manipulation of model inputs.
Hwang, Lee and Shin (2023) defined prompt literacy as the ability
to write precise prompts, interpret outputs and refine prompts
iteratively, treating prompting as a communicative and evaluative
practice. Knoth et al. (2024) found that the quality of university
students” prompts predicted the quality of their outputs. The
phrase learning to prompt is used here to cover both senses.

2.2. Prompting as a Self-Regulated and Metacognitive
Activity

In Zimmerman’s (2002) cyclical model of self-regulated
learning, learners move through forethought (setting goals and
planning), performance (executing and monitoring strategies) and
self-reflection (evaluating and adjusting); a useful prompt seems
to require all three. Yet generative Al can also weaken regulation:
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learners supported by ChatGPT improved their essays while
offloading self-regulatory effort, termed metacognitive laziness
(Fan et al., 2025), and efficiency gains are not gains in
metacognition or epistemic agency (L. Yan, Pammer-Schindler,
Mills, Nguyen, & Gasevi¢, 2025). Whether students experience
prompting as regulation is empirical, so the lens was applied only
at the interpretive stage.

3. METHOD
3.1. Design and Reporting Standards

The review was designed as a qualitative evidence
synthesis using thematic synthesis (Thomas & Harden, 2008),
preferred to meta-aggregation because the aim was to generate an
analytical theme, and to meta-ethnography because most eligible
studies were expected to be descriptive (Flemming & Noyes,
2021). Reporting follows ENTREQ (Tong, Flemming, Mclinnes,
Oliver, & Craig, 2012) and the PRISMA 2020 flow diagram
(Page et al., 2021). The review questions, eligibility criteria and
analysis plan were defined in an internal protocol before
screening began.

3.2. Research Team and Reflexivity

The author, an academic in computer education and
instructional technology, brings a prior expectation that
prompting is educationally valuable; a second coder, an
experienced qualitative researcher not involved in designing the
review, therefore independently assessed all 30 full-text
eligibility decisions (Cohen’s k = 0.92). The single disagreement
concerned a borderline study and was resolved through
discussion by applying the decision rule in Section 3.4. The
second coder also coded 30% of the extracted findings, and the
themes were refined in two consensus meetings.
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3.3. Search Strategy

Because subscription databases were not accessible, an
iterative, purposive search strategy was adopted, accepted when
the aim is conceptual saturation rather than exhaustive retrieval
(Flemming & Noyes, 2021). Searches were conducted in October
2026 through ERIC, DergiPark, publisher platforms and preprint
servers, the latter used only to locate peer-reviewed versions.
Queries combined four concept blocks (prompting, generative Al,
learner population and qualitative inquiry) in English and
Turkish. Successive rounds targeted higher education, K-12,
teacher education, ERIC-indexed and Turkish-language studies,
and searching stopped when further rounds yielded no new
eligible studies, used here as a practical proxy for conceptual
saturation; one report identified earlier but assessed last added a
further concept (Section 5.3). As several platforms reported
ranked results without reliable totals, records are reported
cumulatively: the first round yielded 19 candidate records and
later rounds raised the total to 45. Every record was verified
against the publisher’s page.

3.4. Eligibility Criteria

Eligibility was defined with the SPIDER tool (Cooke,
Smith, & Booth, 2012). Studies were included if they (a) involved
K-12 or higher education students, including pre-service teachers;
(b) addressed experiences of writing, testing or revising prompts
for generative Al; (c) used a qualitative design or a distinct
qualitative strand; (d) contained participant voice (interviews,
reflections, journals or posts); and (e) were peer-reviewed articles
or full conference papers in English or Turkish (2021-2026) with
accessible full text. Criterion (b) was met when at least one
reported finding supported by participant data concerned
prompting; passing mentions were not sufficient. Studies of
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prompt logs or outputs without participant accounts were drawn
on only in the discussion.

3.5. Data Extraction

Following Thomas and Harden (2008), all text reported as
findings, including participant quotations and authors’
interpretations, was treated as data; only qualitative strands and
student data were extracted. Within mixed-methods studies,
authors’ interpretations of students’ prompts or interaction logs
were retained when they formed part of the qualitative strand;
outcome measures from quantitative strands were not extracted.

3.6. Quality Appraisal

The author appraised all 21 studies with the ten-item
Critical Appraisal Skills Programme (CASP) checklist for
qualitative research (Critical Appraisal Skills Programme, 2018),
and the second coder independently appraised a random sample
of six studies (Studies 3, 7, 10, 16, 17 and 19 in Table 1). Item-
level agreement was 95%, the three disagreements, concerning
recruitment, ethics and analysis, were resolved through
discussion. Appraisal informed the confidence assessment rather
than exclusion. Aims and findings were generally clear, whereas
the researcher—participant relationship was rarely examined,
analytic procedures were often briefly described, and in one study
participant numbering was inconsistent with the reported sample
(Jahan & Akbar, 2026).

3.7. Data Synthesis and Confidence Assessment

Synthesis proceeded in three stages: line-by-line inductive
coding of extracted findings in a spreadsheet matrix, grouping of
codes into descriptive themes, and interrogation of these themes
against the review questions to develop an analytical theme. The
five themes in Sections 4.2-4.6 are descriptive; the analytical
theme, developed at this stage through the self-regulated learning
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lens, is presented in Section 5.1. Confidence in each finding was
assessed with GRADE-CERQual (Lewin et al., 2018), which
considers methodological limitations, coherence, adequacy of
data and relevance.

4. FINDINGS
4.1. Study Selection and Characteristics

The iterative searches identified 45 records; 15 were
excluded at title and abstract screening and 30 were assessed in
detail. Nine were excluded: five contained no participant voice on
prompting (e.g., Korkmaz & Tarim, 2025), two did not address
prompting experience, one was available only as a preprint, and
one had an insufficient qualitative strand (Figure 1). Twenty-one
studies were included, involving 735 students in the 20 studies
reporting sample size; 17 were conducted in higher education and
four in K-12. Seven were conducted in the United States and
fourteen elsewhere (Table 1).

Records identified through
iterative searching o
apen sources (n = 45)

I |ldenll.tlcau.nn|

|

Records screened e
(title and abstract) —_— nat st
in=45)

|

Reports assessed in detail

(full text or detailed >

abstract and methods)
(= 30)

|

Studies included in synthesis
n=21; HE=17, K12 = 4)

Screening

Ilnclndcd | |

Figure 1. PRISMA 2020 flow diagram of study selection
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Table 1. Characteristics of the Included Studies

Study Country Level n  Design /data

1. Baeetal. (2024) USA HE, pre-service 54  Discussion posts
teachers

2. Ciftci et al. Turkiye HE, pre-service 32 Chat logs, opinion forms

(2025) teachers

3. Hawk et al. USA HE, nursing 19  Written reflections

(2025)

4. Hwang et al. South HE, EFL n.r. Artworks, reflective papers

(2025) Korea

5.Jahan & Akbar  Oman HE, EFL 30 MM; interviews, focus

(2026) groups, reflections

6. Nguyen et al. USA HE, programming 120 MM; prompt histories,

(2024) interviews

7. Aruleba et al. UK HE, computer science 21  Journals, interviews,

(2025) artefacts

8. Shenetal. China HE, nursing 17  Semi-structured interviews

(2025)

9. W. Yanetal. Japan HE, humanities 16 Dialogue logs, reflections,

(2025) interviews

10. Woo et al. Hong Kong HE, history 27  MM,; reflections, prompt

(2026) libraries

11. Kim et al. China HE, preparatory 19 MM; chat histories,

(2026) interviews

12. Timen Turkiye HE, pre-service EFL 10  Reflexive TA; interviews

Akyildiz (2026) teachers

13. Wen & Wen USA HE, pre-service 16 Reflections, recordings,

(2024) teachers focus group

14. M. Yang etal. USA HE, nontraditional 73 MM; focus groups,

(2025) reflections, logs

15. Andewi etal.  Indonesia  HE, EFL 30 MM; interviews, focus

(2025) group, logs

16. H. Yang South HE, EFL 36 Chat logs, open-ended

(2025) Korea questionnaire

17. Posavec (2026) Croatia HE, education & 57 MM; open-ended survey,
rehabilitation artefacts

18. Kwon et al. USA K-12, secondary 55 MM; written reflections,

(2026) interaction logs

19. Song et al. USA K-12, primary 10 Interviews, surveys,

(2026) observation

20. Jalon et al. Philippines K-12, secondary 26 MM; open-ended survey

(2024)

21. Woo et al. Hong Kong K-12, secondary 67  Stories, written reflections

(2025)

Note. HE = higher education; EFL = English as a foreign language; MM = mixed
methods; TA = thematic analysis; n.r. = not reported in accessible sources. For mixed-
methods studies, n refers to participants who contributed qualitative data where this
differed from the total sample.
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4.2. Theme 1: “Certain Ways You Have to Phrase
Things”: Discovering the Missing Context

Across most studies, students described a similar first
encounter: they typed a request as they would type a search query
or speak to a classmate, and received an answer that was fluent
but generic or wrong. Beginning programmers struggled to write
prompts even for problems at their own level (Nguyen et al.,
2024). Some pre-service teachers addressed the system as a
person while others wrote poorly articulated requests (Bae, Hur,
Park, Choi, & Moon, 2024); one admitted, “I had no clue with the
prompts” (Wen & Wen, 2024). Students with lower Al literacy
relied on short requests to explain or define (Kim, Yu, Lee, &
Detrick, 2026), mathematics teacher candidates pasted whole
tasks into the chat window (Ciftci, Oz, & Ciftci, 2025), and high
school students pasted drafts with little explanation (Kwon, Yang,
Kale, Kim, & Park, 2026). Eleventh graders concluded that “Al
needs specific instructions to work as intended” (Jalon, Chua, &
Torres, 2024).

What changed over time was students’ model of the
interlocutor. Humanities students came to explain that a human
listener can fill gaps from shared experience whereas the model
could not, so background, purpose and expected output had to be
stated explicitly (W. Yan, Nakajima, & Sawada, 2025). Computer
science students’ journals traced a move from generic one-shot
prompts to deliberate dialogue (Aruleba, Sanusi, Obaido,
Ogbuokiri, & Mienye, 2025), nursing students saw prompt design
as shaping the quality of case analysis (Shen, Shen, Liu, & Jin,
2025), and pre-service EFL teachers moved from vague requests
to level-specific instructions (Timen Akyildiz, 2026), whereas
nontraditional students kept questioning their skills even with a
user guide (M. Yang et al., 2025). Indonesian undergraduates
moved from commands such as “Fix this” to requests naming
topic and tone: “When | added the topic and told it what | wanted,
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the answer became much more useful” (Andewi et al., 2025). For
these second-language learners the missing context also had a
linguistic layer: most switched from prompting in Bahasa
Indonesia to prompting in English by mid-course, without being
instructed to, because English prompts produced more useful
feedback. A tenth grader summed up the lesson: “There are
certain ways you have to phrase things when speaking to Al”
(Kwon et al., 2026). The theme concerns revising an assumption
rather than acquiring a technique: that the machine shares the
learner’s context.

4.3. Theme 2: “Organize Your Thoughts Properly”:
Prompting as Externalised Thinking

In studies with sustained engagement, students reported
that writing a precise request forced them to decide what they
actually wanted. One student in W. Yan et al. (2025) put it simply:
“It is important to organize your thoughts properly and write a
quality prompt”; others described seeing their own reasoning
from the outside and asking whether a disappointing output
reflected the prompt or their own understanding. Korean
undergraduates generating images to learn vocabulary monitored
outputs and varied contextual details until the intended meaning
emerged, a cycle of planning, monitoring and evaluation (Hwang,
Lee, & Shin, 2025). Students with higher Al literacy re-read their
prompts for ambiguity (Kim et al., 2026), and pre-service EFL
teachers came to see prompt writing as lesson design (Tumen
Akyildiz, 2026). Conversely, Korean English majors without a
clear goal reported asking formulaic questions and running out of
ideas for what to ask (H. Yang, 2025): the difficulty lay less in
phrasing a request than in knowing what to request. Hong Kong
secondary students who prompted their writing tools without a
clear purpose offer a similar negative case at school level (Woo,
Guo, & Susanto, 2025).
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4.4. Theme 3: Calibrating Trust Through Iteration

Most students described moving from treating outputs as
answers to treating them as drafts to be checked, although high
school students ranged from questioning Al suggestions to
accepting them uncritically (Kwon et al., 2026). Nursing students
saw Al responses as summaries lacking depth that required
external validation (Hawk, Coriasco, & Jones, 2025),
mathematics teacher candidates noted inconsistencies (Ciftci et
al., 2025), and pre-service teachers judged outputs on accuracy,
relevance and specificity (Wen & Wen, 2024) or cross-checked
them (Bae et al., 2024). Even primary pupils concluded that “Al
IS not going to be perfect” (Song et al., 2026), and a secondary
student used it only as a guide (Jalon et al., 2024). Checking took
two forms. Some students consulted external sources, as when a
Croatian student corrected outdated statistics (Posavec, 2026);
others asked the same model again, for example “Are you sure
this structure is formal enough?” (Andewi et al., 2025), which
tests the model’s consistency rather than its accuracy. A better
prompt usually produced a better response, but not a trustworthy
one.

4.5. Theme 4: Drawing the Line: Delegation,
Authorship and the Fear of Losing Skills

As students became more capable prompters, they also
became more conscious of what they were handing over. Students
in W. Yan et al. (2025) built personal rules about delegation,
accepting help with proofreading but refusing to let the model
write a report meant to show their own learning. Others combined
growing prompt fluency with ethical reflection (Aruleba et al.,
2025), kept ownership by fact-checking (M. Yang et al., 2025),
or wondered whether ideas that began with ChatGPT were still
their own (TUmen Akyildiz, 2026). In Oman, acceptance of
ChatGPT as a tutor coexisted with concerns about overreliance
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and ethical ambiguity (Jahan & Akbar, 2026). An Indonesian
student admitted, “I stopped trying to remember grammar rules. |
just paste the sentence and let ChatGPT fix it”, while peers were
unsure where assistance ended and cheating began (Andewi et al.,
2025); this boundary was also the difficulty Croatian students
reported most often (Posavec, 2026).

4.6. Theme 5: Scaffolds That Make a Difference

Explicit instruction appeared to matter. Undergraduates
who attended a 100-minute prompt engineering workshop
produced more effective prompts (Woo, Wang, Yung, & Guo,
2026), and Omani learners were trained in prompt generation
before using ChatGPT in class (Jahan & Akbar, 2026). Practice,
peer comparison and instructor modelling also helped (Bae et al.,
2024; Tiimen Akyildiz, 2026; W. Yan et al., 2025). By contrast,
a written guide alone did not move most nontraditional students
beyond low-level prompting (M. Yang et al., 2025), and after a
single lecture relatively few Croatian students refined their
prompts repeatedly; one asked for classes in which students are
“guided to ask the right questions and adjust the answers”
(Posavec, 2026). Task constraints could also scaffold: secondary
students barred from untaught programming constructs had to
state them in prompts and check compliance (Jalon et al., 2024).

4.7. Differences Between School and University
Learners

Only four K-12 studies met the inclusion criteria, so
comparisons are tentative. In Hong Kong, secondary students’
prompting purposes were associated with school achievement
level (Woo et al., 2025). The other three K-12 studies (Jalon et
al., 2024; Kwon et al., 2026; Song et al., 2026) support Themes
1, 3 and 5, but none offers clear evidence for Theme 2: younger
learners described what they did with prompts, rarely how
prompting changed their thinking, and Woo et al. (2025) provided
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a negative case (Section 4.3). Whether this reflects development
or the shorter, teacher-led activities involved cannot yet be
determined.

Table 2. Summary of Review Findings and GRADE-CERQual

Assessments
Review Studies Limitations Coherence  Adequacy Relevance  Overall
finding (Table
1)
1. 1,2,6- Minor: No/very None: rich  Minor: Moderate
Discovering 9,11-  reflexivity minor: data mostly HE (limitations,
themissing 15,18, rarely reported; consistent relevance)
context 20 (n=  brief strands across levels
13) and countries
2.Prompting 4,9,11, Minor Minor: two Moderate:  Moderate: no Moderate
as 12,16%, negative few studies; supporting (adequacy,
externalised 21*(n= cases* relies on K-12 data; relevance);
thinking 6) study 9 mainly borderline
multi-week  low
HE courses
3. 1,2,3, Minor Minor: two None No/very Moderate
Calibrating 13, 15, forms of minor; (limitations,
trust through  17-20 (n checking; includes K- coherence)
iteration =9) some 12
uncritical
acceptance
(18)
4. 5,7,9, Minor: sample  Minor: ethics Minor: Moderate: no Moderate
Delegation, 12,14, inconsistency  not always some thin  K-12 data (relevance)
authorship 15,17 (n (5) tied to data
and skill loss =7) prompting
5.Scaffolds 1,5,9, Moderate: self- Minor: None Minor Moderate
thatmakea 10,12, evaluated effects varied (limitations)
difference 14,17, interventions; by type of
20 (n= sample support
8) inconsistency

(©)

Note. Numbers refer to Table 1; HE = higher education; *negative case. Findings start
at high confidence and are downgraded through a holistic judgement across the four
components (Lewin et al., 2018); brackets list the components that drove
downgrading; ratings were agreed by the author and the second coder.

5. DISCUSSION
5.1. Learning to Prompt as a Regulation Cycle

Interpreted through the self-regulated learning lens,
learning to prompt, as students described it, resembles a
regulation cycle rather than an accumulation of techniques.
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Clarifying what one wants (Theme 2) corresponds to goal setting
in the forethought phase of Zimmerman’s (2002) model, and
supplying context and revising requests (Theme 1) to strategy use
and self-monitoring in the performance phase. Checking outputs
against standards of accuracy and relevance (Theme 3)
corresponds to self-evaluation in the self-reflection phase, and the
personal rules about delegation that students built from
experience (Theme 4) resemble adaptive reactions that feed back
into forethought for the next task. Andewi et al. (2025) described
a related scaffolding inversion, in which the student takes over
the macro-level direction of the task; the gap between re-asking
the model and consulting an independent source (Theme 3)
suggests that students take over direction before evaluation.

Even if prompting skills matter less as models improve
(see Lee & Palmer, 2025), the educational value of prompting lies
in articulating goals, evaluating outputs and drawing boundaries;
a model that infers what the learner wants removes the friction
that prompted articulation, a possible route to metacognitive
laziness (Fan et al., 2025) and lost epistemic agency (L. Yan et
al., 2025).

5.2. Implications for Instructional Design and
Teacher Education

First, prompting instruction should follow the regulation
cycle rather than lists of techniques; goal statements, revision logs
and brief evaluations of outputs make the cycle teachable. A
product-only study points the same way: prompting instruction
improved the form of pre-service teachers’ STEM activities more
readily than their depth (Korkmaz & Tarim, 2025). Second,
verification should be taught as part of prompting, including the
difference between asking the model again and consulting an
independent source. Third, extending Theme 5, teacher educators
could model prompting aloud, including failed attempts, although
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this was not tested directly. In K-12 settings, pupils may need help
deciding why they are prompting before learning how (Woo et
al., 2025).

5.3. Limitations

The search was purposive rather than exhaustive, so
paywalled studies are likely under-represented, and the
platforms’ ranking algorithms may have shaped which records
surfaced first. Title and abstract screening and most data
extraction were carried out by a single reviewer, and the protocol
was not prospectively registered. Three included studies
contributed mainly brief open-ended responses (Jalon et al., 2024;
Posavec, 2026; H. Yang, 2025); none generated a theme on its
own. A study assessed in the final round added a concept absent
from earlier studies, the language of prompting among second-
language learners (Andewi et al., 2025), so conceptual saturation
was approached rather than fully reached for this group. Only
English and Turkish studies were considered, and K-12 evidence
rests on four studies.

6. CONCLUSION

The synthesis of twenty-one qualitative studies suggests
that, from the learner’s perspective, learning to prompt is closer
to learning to regulate one’s own thinking than to learning a
technical skill: students discovered that the system lacked their
context, found that precise requests forced them to clarify their
goals, learned to treat outputs as drafts to be checked, and set
limits on what they would delegate. This applies most clearly to
university students in multi-week courses, since Theme 2, central
to the claim, has moderate confidence and no supporting K-12
evidence. Teacher modelling and structure helped.
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Longitudinal studies are needed, particularly at school
level. For educators, the aim is not efficient users of a tool that
will change within a year, but learners who know what to ask, can
judge what they receive and remain the authors of their own
learning.
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DEEP LEARNING VERSUS STATISTICAL
BENCHMARKS IN FORECASTING THE
GLOBAL PREVALENCE OF MENTAL
DISORDERS TO 2030

Erol OZCEKIC!

1. INTRODUCTION

Mental disorders are among the leading causes of health
loss worldwide. According to the Global Burden of Disease
(GBD) 2019 study, they remained among the ten leading causes
of burden. There was no evidence of a global reduction since
1990 (GBD 2019 Mental Disorders Collaborators, 2022).
Depressive and anxiety disorders are the two most common of
these disorders. Both rose further after the COVID-19 pandemic
(COVID-19 Mental Disorders Collaborators, 2021). The World
Health Organization's Comprehensive Mental Health Action
Plan 2013-2030 sets service coverage targets for the end of this
decade (World Health Organization [WHO], 2021, 2022).
Planning for these targets requires an expectation of how many
people will live with a mental disorder in the coming years.
Forecasting prevalence is therefore a practical public-health
question and not only a statistical exercise.

Deep-learning models are increasingly used to answer
this kind of question. Long short-term memory (LSTM)
networks, gated recurrent units (GRU), convolutional-recurrent
hybrids and attention-based architectures have been applied to
epidemiological time series, often with very high reported

1 Asst. Prof. Dr., Balikesir University, Artificial Intelligence Operator Program,
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accuracy. Two findings from the forecasting literature call for
caution. First, large forecasting studies and competitions show
that simple statistical methods and their combinations are hard
to beat. In these studies, pure machine-learning methods often
performed poorly, and the more successful neural approaches
learned across many series at once (Makridakis, Spiliotis, &
Assimakopoulos, 2018, 2020; Smyl, 2020). Second, high
reported accuracy is often an artefact of the evaluation design.
Random or overlapping data splits can make an ordinary
forecast look excellent. Metrics such as the coefficient of
determination (R?) have the same effect, because they are
dominated by differences between units. So does turning a
regression problem into an artificial classification task (Kapoor
& Narayanan, 2023; Tashman, 2000).

Prevalence series for mental disorders put both findings
to a demanding test. The series are short, with thirty annual
values per country in GBD 2019. They change slowly, and they
are themselves the output of a statistical model. Between 1990
and 2019, the age-standardised world prevalence of depressive
disorders changed from 3.49% to 3.44% (-1.3%). Within a
country, the median absolute change from one year to the next
was only 0.008 percentage points. A model that simply repeats
the last observed value therefore already has a very small
absolute error. The relevant question is not whether a deep
network is accurate. It is whether the network is more accurate
than such simple benchmarks on years it has never seen.

This chapter addresses that question with age-
standardised GBD 2019 estimates for five disorder groups in
204 countries. Five deep-learning architectures are compared
with five statistical benchmarks and with an equal-weight
combination of methods. All methods are evaluated strictly out
of sample, with scale-free error measures and country-level
significance tests. An eleven-year backtest then provides
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prediction intervals for the 2030 projections. The chapter thus
offers transparent projections and a worked example of how
such forecasts should be evaluated before they inform policy.

2. BACKGROUND

2.1. Measuring and Projecting the Prevalence of
Mental Disorders

The GBD study produces consistent estimates of
prevalence, incidence and burden for hundreds of conditions, for
every country and year since 1990 (GBD 2019 Diseases and
Injuries Collaborators, 2020). For mental disorders, prevalence
is estimated with a Bayesian meta-regression. This model pools
population surveys and adjusts them for differences in case
definitions and study designs. Where surveys are missing,
values are borrowed from neighbouring years, countries and
covariates (Ferrari et al., 2013; GBD 2019 Mental Disorders
Collaborators, 2022). The resulting series are smooth by
construction. They can nevertheless shift when new survey data
enter the model, and they may underestimate the true burden of
mental illness (Vigo, Thornicroft, & Atun, 2016).

Rising treatment has not reduced prevalence so far. In
four English-speaking industrialised countries, the prevalence of
common mental disorders did not fall despite substantial
increases in treatment (Jorm, Patten, Brugha, & Mojtabai, 2017).
The GBD collaboration itself forecasts mortality to 2040 and
disease burden to 2050 from drivers such as income, education
and fertility (Foreman et al., 2018; GBD 2021 Forecasting
Collaborators, 2024). The present chapter asks how well purely
data-driven models extrapolate the prevalence series themselves.
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2.2. Deep Learning for Time-Series Forecasting

The LSTM network introduced gated memory cells.
These cells let recurrent networks learn long-range dependencies
without vanishing gradients (Hochreiter & Schmidhuber, 1997).
The GRU simplifies this gating with fewer parameters (Cho et
al.,, 2014). Bidirectional recurrent networks read the input
sequence in both directions (Schuster & Paliwal, 1997). In the
CNN-LSTM model of Kim and Cho (2019), convolutional
layers placed before a recurrent layer extract local patterns.
Attention mechanisms, in turn, let a model weight the time steps
that are most informative for the prediction (Bahdanau, Cho, &
Bengio, 2015; Vaswani et al., 2017).

Reviews of the field stress that these architectures work
best as global models. Such models are trained across many
related series, each normalised appropriately, instead of being
fitted to one short series (Hewamalage, Bergmeir, & Bandara,
2021; Lim & Zohren, 2021; Salinas, Flunkert, Gasthaus, &
Januschowski, 2020). The winning method of the M4
competition, for example, combined exponential smoothing with
a recurrent network trained across series (Smyl, 2020). On small
data sets, however, the picture is different. On 1,045 monthly
M3 series, the machine-learning methods examined were less
accurate than simple statistical methods at all forecast horizons
(Makridakis et al.,, 2018). A single linear layer can also
outperform Transformer models on standard long-horizon
benchmarks (Zeng, Chen, Zhang, & Xu, 2023). Forecast
combinations, by contrast, have been among the most reliable
strategies since the work of Bates and Granger (1969)
(Makridakis et al., 2020; Wang, Hyndman, Li, & Kang, 2023).

2.3. Evaluating Forecasts Correctly

A forecast can only be judged on observations that were
not available when it was made. Out-of-sample evaluation from

177



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

a fixed or rolling forecast origin is therefore the standard design
(Tashman, 2000). When cross-validation is used for time series,
blocked schemes that respect the time order are recommended
(Bergmeir & Benitez, 2012). Test data that precede the training
data let information from the future leak into the model (Kapoor
& Narayanan, 2023). Errors should also be comparable across
series of different scales. For this purpose, Hyndman and
Koehler (2006) recommended the mean absolute scaled error
(MASE). Finally, differences between methods should be tested
across the units of analysis, here countries, and not inferred from
a single summary number. The design used in this chapter
follows these principles.

3. DATA AND METHODS
3.1. Data

The data are GBD 2019 estimates of age-standardised
prevalence for schizophrenia, depressive, anxiety, bipolar and
eating disorders, as a percentage of the population for both sexes
(Institute for Health Metrics and Evaluation [IHME], 2020).
They were obtained in the version processed by Our World in
Data (Dattani, Rodés-Guirao, Ritchie, & Roser, 2023), as
distributed in the Kaggle Mental Health dataset (Momeni,
2023). The file covers 1990-2019 for 204 countries and
territories, the world and several regional and income groupings.
The 204 countries form the modelling panel of 204 x 30 x 5 =
30,600 values, with no missing data. The world and the four
World Bank income groups were not used for training. They
were forecast with the trained models in the same way as a
country. Table 1 summarises the data.

Figure 1 shows the main patterns. Age-standardised
world prevalence was almost flat for schizophrenia, anxiety and
bipolar disorders. It rose steadily for eating disorders. For
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depressive disorders it increased in the 1990s and fell between
2005 and 2010. This decline is concentrated in the lower-
middle-income group. It is driven mainly by India, whose
estimate fell from 4.50% in 2005 to 3.74% in 2010, with smaller
drops in Brazil, Uganda and Nigeria. Such breaks may reflect
changes in the underlying data as much as in population health,
and no extrapolative method can anticipate them.

Table 1. Age-Standardised Prevalence (%) of the Five Disorder

Groups
Disorder World World Change Countries 2019 Median
1990 2019 (%) (min / median/ |annual

max) change|
Schizophrenia 0.290  0.287 -09 0.19/0.28/0.43  0.0002
Depressive 3.486  3.440 -1.3  1.60/3.64/6.58  0.0079

Anxiety 3.792  3.780 -0.3 2.03/4.02/8.03 0.0041
Bipolar 0.490 0.490 -0.1 0.18/0.58/1.51 0.0000
Eating 0.151 0.174 156  0.05/0.16/1.03 0.0011

Note. Median |annual change| is the median absolute year-to-
year change within the 204 countries in 1990-2019, in
percentage points. Data from GBD 2019 via Our World in Data,
own calculations.

(a) World, index 1990 = 100 (b) Depressive disorders by income group
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Figure 1. Age-standardised prevalence, 1990-2019. Panel (a)
shows the world, indexed to 1990 = 100. Panel (b) shows
depressive disorders by income group (%). Data from GBD 2019
via Our World in Data.

3.2. Forecasting Task and Evaluation Design

All learning-based methods are global models. A single
model is trained on the series of all 204 countries. For every
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country, it predicts the next-year change of all five disorders at
once. The input window covers 5 years, and each year
contributes ten features. Five features describe the shape of the
recent trajectory. They are the logarithm of each disorder's
prevalence relative to its value in the last year of the window.
The other five describe the level, as the standardised logarithm
of each prevalence. The target is the vector of next-year log-
changes, standardised with the training mean and standard
deviation. This normalisation lets one network learn from
countries whose prevalence differs by a factor of three or more
(Hewamalage et al., 2021; Salinas et al., 2020). Forecasts for
several years ahead are produced recursively. Each prediction is
appended to the window and fed back as input.

Figure 2 shows three settings that apply the same
procedure from different forecast origins. In the main test, the
models are trained on target years up to 2009. The years 2010-
2013 are used for early stopping and for tuning the ridge
penalty. Forecasts are then made from 2013 for 2014-2019, that
is, for horizons 1-6. The long-horizon backtest repeats this
procedure with origin 2008. Training targets end in 2004,
validation covers 2005-2008, and the forecasts cover 2009-2019
(horizons 1-11). The errors of this backtest give the prediction
intervals for the projections. In the projection setting, the models
are trained on targets up to 2016, validated on 2017-2019 and
used to forecast 2020-2030. In no setting is any observation after
the forecast origin used for training, early stopping or model
selection.
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:end of data

Main test (origin 2013) I N
Long-horizon backtest (origin 2008) —-_
Projection (origin 2019) _-_
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Input only mmm Training targets mmm Validation (early stopping) mmm Forecast period

Figure 2. Evaluation design. Grey bars mark years used only as
model inputs (the first five-year window). Blue bars mark target
years used for training, and green bars target years used for early
stopping and tuning. Orange bars mark the forecast period.

3.3. Deep-Learning Models

The five architectures follow common designs in the
applied literature. LSTM has two LSTM layers with 64 and 32
units, each followed by dropout (0.2), and a linear output layer
with five units. BILSTM uses the same design with bidirectional
layers. CNN-LSTM places two one-dimensional convolutions
(64 and 32 filters, kernel size 3) with max-pooling before two
LSTM layers. GRU has two GRU layers with 64 and 32 units.
StackedLSTM-ATT adds a two-head self-attention block with a
residual connection to two LSTM layers of 64 units. The
networks have between 24,165 (GRU) and 79,941 (BiLSTM)
trainable parameters.

All networks were trained with the Adam optimiser at a
learning rate of 0.001 (Kingma & Ba, 2015). The loss was the
mean squared error of the standardised target, with a batch size
of 64 and at most 300 epochs. Training stopped after 25 epochs
without improvement of the validation loss, and the best weights
were restored. The learning rate was halved after 10 epochs
without improvement. Dropout served as regularisation
(Srivastava, Hinton, Krizhevsky, Sutskever, & Salakhutdinov,
2014). In the main test, the best validation loss was reached after
9-12 epochs on average. One training run took about half a
minute on a laptop CPU. Neural networks depend on their
random initialisation, so every architecture was trained with five
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random seeds. Single-seed results are reported as mean *
standard deviation. The average of the five seeds, called a seed
ensemble, is used in all further comparisons.

3.4. Statistical Benchmarks and Combination

Five statistical benchmarks were fitted. The naive
method repeats the last observed value. The random walk with
drift extends the average annual change between 1990 and the
forecast origin. Damped Holt exponential smoothing (Gardner
& McKenzie, 1985) and ARIMA(p,1,q) models with drift (Box,
Jenkins, Reinsel, & Ljung, 2015) were fitted to the logarithm of
each country-disorder series separately, which gives 1,020
series. For ARIMA, the orders p <2 and q < 1 were chosen with
the corrected Akaike information criterion. The fifth benchmark
is a global ridge regression (Hoerl & Kennard, 1970). It uses
exactly the same input features and recursive scheme as the
networks. Its penalty was chosen on the validation years from
10 to 10% Very weak penalties of 10 or 10 were selected in
every setting, so the model is practically an ordinary least-
squares autoregression. It differs from the networks only in
being linear.

The literature favours forecast combinations (Bates &
Granger, 1969; Wang et al., 2023). An equal-weight
combination was therefore specified before any test result was
examined. It is the arithmetic mean of the drift, damped Holt,
ARIMA and ridge forecasts and of the five deep-learning seed
ensembles. The combination is also used for the 2030
projections. In this way, the projections do not depend on
choosing the method that happened to score best in the test
years.
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3.5. Accuracy Measures, Tests and Prediction
Intervals

Accuracy was measured with four measures. The mean
absolute error (MAE) and the root mean squared error (RMSE)
are expressed in percentage points of prevalence. The mean
absolute percentage error (MAPE) is expressed in percent. The
fourth measure is the MASE (Hyndman & Koehler, 2006). The
MASE divides each absolute error by the mean absolute year-to-
year change of the same country and disorder between 1990 and
the forecast origin. It is therefore comparable across countries
and disorders. A value of 1 equals the typical one-step error of
the naive method in the training period. All measures were
averaged over the 204 countries and the forecast horizons. The
pooled R? is reported only for comparison with applied studies.

The Wilcoxon signed-rank test (Wilcoxon, 1945) was
used to check whether differences between methods were
systematic. For each country, the MASE for depressive
disorders was averaged over horizons 1-6. These country values
were compared between each method and two references, the
naive method and ARIMA. The p values were adjusted for the
ten comparisons per reference with Holm's (1979) procedure.

Prediction intervals were obtained empirically from the
long-horizon backtest. For each disorder and each horizon h = 1,
..., 11, the log ratio between observed and forecast values of the
combination was computed for the 204 countries. The 5th and
95th percentiles of this ratio were then applied to the projection
for the same horizon, which gives a 90% interval. The intervals
were validated on the independent main-test period 2014-2019.
Because they come from country-level errors, they are
conservative for the smoother world and income-group series.
The analysis was carried out in Python 3.10 with TensorFlow
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2.19, statsmodels 0.14 and scikit-learn 1.6. All code and result
files are available from the author.

4. RESULTS

3.5. Accuracy for Depressive Disorders in the Main
Test

Table 2 reports the accuracy of all methods for
depressive disorders in 2014-2019. In absolute terms, every
method was accurate. The MAE ranged from 0.025 to 0.048
percentage points, and the MAPE from 0.65% to 1.31%. The
pooled R? exceeded 0.990 for every method, including the naive
forecast (R> = 0.996). Such measures therefore cannot
discriminate between methods on this kind of data.

The scaled measures are more informative. The naive
method achieved the lowest mean MASE (2.08). It was followed
by ridge regression (2.21), ARIMA (2.27), damped Holt (2.27)
and the combination (2.30). Ridge regression had the lowest
MAE, RMSE, MAPE and median MASE (1.46). All five deep-
learning seed ensembles were less accurate than these methods,
with a mean MASE between 2.79 and 3.66. Single seeds were
worse still (3.23-4.12). The spread between seeds, with a
standard deviation of up to 0.74, was larger than most
differences between architectures. GRU was the most accurate
network and StackedLSTM-ATT the least accurate. One year
ahead, damped Holt, ARIMA and ridge regression were far
better than the naive forecast, with a MASE of about 0.23-0.30
against 0.90. By the sixth year, however, all of them had fallen
behind it.
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Table 2. Forecast Accuracy for Depressive Disorders, Main Test
(2014-2019, 204 Countries)

Method MAE RMSE MAPE MASE MAMASE h= h= Single
1 6 seeds

Naive (last value) 0.0309 0.0591 0.79 2.08 1.60 0.90 4.04 -

Random walk with 0.0479 0.0779 131 3.25 3.16 112 6.23

drift

Damped Holt 0.0380 0.0883 0.98 2.27 1.67 0.23 454
ARIMA (AICc) 0.0335 0.0642 0.90 2.27 1.87 024 5.31
Ridge regression 0.0252 0.0471 0.65 221 1.46 0.30 5.03 -
LSTM 0.0351 0.0572 0.96 3.03 2.05 0.78 6.00 3.62%
0.74
BiLSTM 0.0372 0.0595 1.02 3.59 2.37 1.05 7.02 391+
0.22
CNN-LSTM 0.0351 0.0616 0.95 2.87 2.16 0.77 566 384+
0.18
GRU 0.0326 0.0548 0.88 2.79 1.90 074 6.02 3.23%
0.55
StackedLSTM-ATT  0.0383 0.0592 1.02 3.66 2.90 121 713 412+
0.20
Equal-weight 0.0286 0.0512 0.77 2.30 1.78 0.59 5.14 -
combination

Note: MAE and RMSE are in percentage points and MAPE in percent. MASE is the mean
absolute scaled error averaged over countries and horizons 1-6. MAMASE is the median of the
country MASE values. The columns h = 1 and h = 6 give the MASE at horizons 1 and 6. Deep-
learning rows show the five-seed ensemble, and the last column gives the mean + SD of the
MASE of the five single seeds. Lower values are better for all measures.

Table 3 tests these differences at the country level. After
Holm correction, no method was significantly more accurate
than the naive forecast. Ridge regression was better in 112 of
204 countries, which is not a significant majority (adjusted p =
.693). All five deep-learning ensembles were significantly less
accurate than the naive method, and so was the random walk
with drift. Ridge regression was also significantly better than
ARIMA, with a lower MASE in 125 countries (adjusted p =
.031). LSTM, BILSTM and StackedLSTM-ATT were
significantly worse than ARIMA, while CNN-LSTM and GRU
did not differ significantly from it.
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Table 3. Country-Level Comparison of MASE for Depressive
Disorders (Wilcoxon Signed-Rank Tests)

Method Better Median p Better Median p

(n) A (Holm) (n) A (Holm)
Random walk with 50 1.32 <.001 46 1.01 <.001
drift

Damped Holt 92 0.12 441 116 -0.21 .344
ARIMA (AlCc) 94 0.07 441 - - -
Ridge regression 112 -0.12 .693 125 -0.33 .031
LSTM 83 0.52 <.001 84 0.33 012
BiLSTM 83 0.48 <.001 83 0.36 <.001
CNN-LSTM 90 0.25 .005 90 0.18 136
GRU 86 0.28 .013 101 0.02 .344
StackedLSTM- 49 0.83 <.001 70 0.93 <.001
ATT

Equal-weight 95 0.06 .693 106 -0.08 544
combination

Note. Columns 2-4 compare each method with the naive
method, and columns 5-7 compare it with ARIMA. Better (n) is
the number of the 204 countries in which the method had the
lower MASE. Median A is the median country-level difference
in MASE (method minus reference). Negative values favour the
method. The p values were adjusted with Holm's procedure
within each reference.

4.2. Forecast Horizon and the Long-Horizon Backtest

Figure 3 shows how the error grows with the forecast
horizon. In both evaluations, damped Holt, ARIMA and ridge
regression were much more accurate than the naive method one
and two years ahead, because they continued short-run
movements. The networks did so only in the long-horizon
backtest. Beyond about five years, the order reversed. The long-
horizon backtest starts in 2008, in the middle of the decline in
depressive prevalence shown in Figure 1. The methods
extrapolated a fall that ended around 2010, and their errors grew
rapidly. At eleven years, the MASE was 6.68 for the naive
method and 8.16 for ridge regression. It was 11.30 for the
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combination, 12.62 for ARIMA and between 9.82 and 14.75 for
the networks. Among the networks, StackedLSTM-ATT
degraded least at long horizons. It was, however, the weakest
network in the main test, so no architecture was consistently

superior.
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Figure 3. Mean absolute scaled error (MASE) for depressive
disorders by forecast horizon, averaged over 204 countries. Panel
(a) shows the main test (origin 2013) and panel (b) the long-
horizon backtest (origin 2008). The shaded band spans the five
deep-learning seed ensembles. Values above 1 mean that the error
exceeds the typical one-year change of the series.

4.3. Other Disorders and Aggregated Series

The pattern was the same for the other disorder groups.
By the median country MASE, ridge regression was the most
accurate method for schizophrenia (1.54), anxiety (2.11) and
eating disorders (1.07). Damped Holt was the most accurate for
bipolar disorder (0.90). The best network reached 1.77, 3.26,
1.29 and 5.04 for the same four disorders. No network was
therefore the best method for any disorder. The naive method
did well for depressive disorders but poorly for eating disorders
(3.87), whose prevalence rose steadily. Bipolar disorder series
are almost constant. All methods forecast them with a MAPE
below 0.1%. Even a small drift, however, produces a large
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scaled error, which explains the high MASE of the global
models for this disorder.

The trained models were also applied to the world series,
which they had not seen in training. Here, too, the statistical
methods were more accurate. For world depressive prevalence
in 2014-2019, the MAPE was 0.13% for ARIMA, 0.22% for
damped Holt and 0.45% for the naive method. For the networks
it ranged from 1.35% to 1.92%. The dynamics the networks
learned from single countries did not transfer well to a smooth
average.

4.4. Projections to 2030

The empirical 90% prediction intervals from the long-
horizon backtest covered 91.1% of the observed values in the
independent main-test period. Coverage ranged from 87.2% to
94.4% across disorders and was 90.6% for depressive disorders.
The intervals are therefore well calibrated at the country level.
Table 4 and Figure 4 present the projections of the combination.

The projections point to stability rather than change in
the age-standardised rates. World prevalence of depressive
disorders is projected at 3.44% in 2030, with a 90% interval of
3.25-3.77%. This is practically identical to the 3.44% observed
in 2019. The individual methods range from 3.38% to 3.59%.
Anxiety, schizophrenia and bipolar disorders are likewise
projected to change by less than 1%. The only clear movement
is a continued rise in eating disorders, by 5.6% to 0.184%. At
the country level, depressive prevalence is projected to rise in
130 countries and to fall in 74. The median change is 0.65%,
with an interquartile range from -0.67% to 2.34% (Figure 4f).

One projection calls for caution. For anxiety disorders in
high-income countries, the combination projects an increase of
13.2%. This increase extends a rise between 2017 and 2019. The
individual methods range from 4.89%, which means no change,
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to 6.09%. This spread is wider than the prediction interval. It
signals uncertainty about the trend and is not evidence of an
increase.

Table 4. Projected Age-Standardised Prevalence (%) in 2030

Population Disorder 2019 2030 90% Pl  Change Range of
(%) methods
World Schizophrenia 0.287 0.288 0.279-0.293 +0.1 0.286-
0.289
World Depressive  3.44 344  3.25-3.77 +0.0  3.38-3.59
World Anxiety 3.78 376  3.56-3.93 -04  3.54-3.82
World Bipolar 0.490 0.491 0.486-0.492 +0.2 0.490-
0.494
World Eating 0.174 0.184 0.160-0.200 +5.6 0.174-
0.190
High-income Depressive  3.64 3.73  3.52-4.08 +2.3  3.62-3.81
High-income Anxiety 489 553 523578 +13.2 4.89-6.09
Upper-middle- Depressive  3.13 3.11  2.93-3.40 -0.6 2.99-3.28
income
Upper-middle- Anxiety 3.93 397 375414 +0.8  3.83-4.07
income
Lower-middle- Depressive  3.61 357 3.37-3.91 -1.2  3.52-3.63
income
Lower-middle- Anxiety 333 327 3.09-341 -2.0 3.11-3.36
income
Low-income Depressive  4.66 4.70 4.44-5.15 +0.8  4.62-4.77
Low-income Anxiety 3.68 3.70 3.50-3.86 +0.4  3.64-3.74

Note: 2019 is the observed GBD estimate and 2030 the equal-weight combination.
90% P1 is the empirical prediction interval from the long-horizon backtest. Range of
methods gives the lowest and highest 2030 value of the ten individual methods.
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Figure 4. Projections of world age-standardised prevalence to
2030. Dashed lines show the equal-weight combination and shaded
areas the 90% prediction intervals. Panel (f) shows the
distribution of projected changes in depressive prevalence across
204 countries. The vertical axes of panels (a)-(e) have different
scales and do not start at zero.

5. DISCUSSION
5.1. Why Deep Learning Did Not Win

The central result of this chapter is negative but robust.
On thirty-year GBD prevalence series, five widely used deep-
learning architectures were not more accurate than a naive
forecast. They were less accurate than simple linear and
exponential-smoothing methods, in line with Makridakis et al.
(2018) and Zeng et al. (2023). Three features of the data explain
the result. First, the series are short and smooth. Most of their
predictable information lies in the current level and the latest
slope, which a linear model captures with a few parameters.
Second, the series change mainly through occasional breaks,
such as the 2005-2010 fall in depressive prevalence in several
large countries, which past values cannot predict. Third, the
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networks were unstable across random seeds, so a single
training run may misrepresent an architecture.

Ridge regression used the same global training set,
features and recursive scheme as the networks, and it was the
most accurate method on most measures. Training across
countries is therefore useful, but the benefit does not require
nonlinearity. With richer data the balance may change (Lim &
Zohren, 2021). For annual prevalence estimates, however, a
network should only be preferred when it beats simple
benchmarks in an out-of-sample test.

5.2. What ""High Accuracy' Means

These results also show why claims of "98% accuracy"
or of an R? close to one carry little information. Here, simply
repeating the last observed value gives a pooled R? of 0.996 and
an "accuracy" (100 - MAPE) above 99%. The reason is that
prevalence differs much more between countries than within a
country over a few years. An evaluation becomes informative
only with out-of-sample forecasts, scale-free errors, simple
benchmarks, several seeds and country-level tests (Hyndman &
Koehler, 2006; Kapoor & Narayanan, 2023).

5.3. Implications of the Projections

Without new shocks, age-standardised prevalence is
projected to stay close to its 2019 level until 2030, except for a
rise in eating disorders. Two qualifications apply. First, stable
rates do not mean stable needs. The world population is growing
and ageing. The number of people living with these disorders
will therefore keep increasing even if the age-standardised rates
do not (GBD 2019 Mental Disorders Collaborators, 2022; Patel
et al., 2018). Second, the projections use data up to 2019 only.
In 2020, the pandemic raised the number of cases by about 28%
for major depressive disorder and by about 26% for anxiety
disorders (COVID-19 Mental Disorders Collaborators, 2021).
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The projections are therefore best read as a pre-pandemic
baseline. In addition, prevalence has stayed stable despite
expanding treatment (Jorm et al., 2017). The WHO targets for
2030 therefore depend on better coverage and quality of care
(WHO, 2021).

5.4. Limitations

The GBD values are model-based estimates that are
revised in every round of the study, so part of their movement
reflects changes in data and methods. Each setting used a single
forecast origin. More extensive hyperparameter tuning might
improve the networks, but it would risk overfitting the
validation years. No covariates such as income, education or
population structure were used, unlike in the GBD forecasting
models (GBD 2021 Forecasting Collaborators, 2024). The
intervals exclude the uncertainty of the GBD estimates, and only
age-standardised prevalence for both sexes was analysed.

6. CONCLUSION

In this strictly out-of-sample comparison across 204
countries, no deep-learning model was more accurate than a
naive forecast. All five networks were significantly less accurate
than it for depressive disorders. A linear ridge autoregression
trained on the same data was the most accurate method on most
measures. Trend-following methods helped at horizons of one or
two years, but over a decade simple persistence was hard to
beat. The equal-weight combination projects age-standardised
world prevalence of depressive disorders at about 3.44% in 2030
(3.25-3.77%). This is essentially unchanged from 2019, while
eating disorders continue to rise.

Two recommendations follow. Researchers should
always report deep-learning forecasts of health indicators
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against simple benchmarks and on years after the training data.
Headline accuracies near 100% are a warning sign rather than a
result. For policymakers, flat age-standardised prevalence,
population growth and the pandemic mean that the need for
mental-health services will not resolve itself by 2030.
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AKADEMIK DOKUMANLARIN OTOMATIK
ANALIZIi: METIN SINIFLANDIRMA, BILGI
CIKARIMI VE OTOMATIK OZETLEME
UZERINE BiR INCELEME

Erhan AKAGUNDUZ!
Cengiz HARK?
Taner UCKAN?

1. GIRIS

Bilimsel yayinlarin sayisindaki artig, bilim insanlarinin ve
arastirmacilarin ilgili caligmalar1 belirlemesini ve genis dokiiman
koleksiyonlarini sistematik bicimde incelemesini
giiclestirmektedir. Akademik makaleler; arastirma problemi,
yontem, veri kiimesi, deneysel siire¢ ve bulgular gibi farkli bilgi
tiirlerini icermektedir. Bunun yaninda alan terminolojisi, atiflar,
tablolar, sekiller ve makalelerin bolim temelli yapisi, akademik
metinlerin otomatik analizini genel amacl metin islemeye gore
daha karmasik hale getirebilmektedir.

Dogal dil isleme yontemleri bu igeriklerin otomatik olarak
siiflandirilmasi, yapilandirilmig bilginin ¢ikarilmasi ve uzun
dokiimanlarin 6zetlenmesi icin kullanilmaktadir. Bu boliimde
akademik dokiman analizi ¢ temel gorev uzerinden ele
almacaktir. Bunlar; metin smiflandirma, bilgi c¢ikarimi ve
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otomatik metin Ozetleme konularidir. Amag, geleneksel
yontemlerden Transformer ve graf tabanli yaklagimlara uzanan
temel gelisimi, Ozellikle akademik metinler baglaminda
Ozetlemektir.

2. AKADEMIiK DOKUMANLARDA METIN
SINIFLANDIRMA

2.1. Geleneksel ve Derin Ogrenme Tabanh
Yaklasimlar

Metin smiflandirma, bir ciimle, paragraf, boliim veya
dokiimanin onceden tanimlanmig kategorilere atanmasidir.
Akademik dokiimanlarda konu, bilim alani1 veya boliim tiiriiniin
belirlenmesi  gibi  amaglarla  kullanilabilir.  Geleneksel
smiflandirma yaklagimlarinda TF-IDF gibi metin dzellikleri ile
Naive Bayes, destek vektor makineleri ve lojistik regresyon gibi
yontemler; derin Ogrenme yaklasimlarinda ise CNN ve
RNN/LSTM mimarileri ele alinmaktadir (Kowsari vd., 2019).

2.2. Transformer ve Bilimsel Metinlere Ozgii
Yaklasimlar

Transformer tabanli 6n egitim, metin smiflandirmada
baglamsal gosterimlerin kullanilmasini yayginlastirmistir. BERT,
biiylik miktarda etiketlenmemis metin iizerinde 6n egitimden
sonra farkli gorevlere uyarlanabilmektedir (Devlin, Chang, Lee
ve Toutanova, 2019). Bilimsel metinlere yonelik SciBERT ise
bilimsel yaynlar lizerinde egitilmis ve ciimle siniflandirma dahil
cesitli bilimsel dogal dil isleme gorevlerinde degerlendirilmistir
(Beltagy, Lo ve Cohan, 2019). Bu modeller, akademik
terminoloji ve baglamin temsil edilmesi agisindan ¢alisilan alana
0zel 6n egitimin 6nemini gostermektedir.
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3. AKADEMIK DOKUMANLARDA BIiLGIi
CIKARIMI

3.1. Adlandirilmis Varhk Tanima

Bilgi ¢ikarimi, yapilandirilmamis akademik metinden
yontem, model, veri kiimesi, gorev ve degerlendirme 6lgiitli gibi
Ogelerin yapilandirilmis bicimde elde edilmesini amaclar. Bunun
temel gorevlerinden biri Adlandirilmis Varlik Tanimadir (NER).
Genel amacli NER sistemleri kisi, kurum ve yer gibi siiflari
hedeflerken bilimsel metinlerde varlik tiirleri alana gore
degisebilir. Lample, Ballesteros, Subramanian, Kawakami ve
Dyer (2016), kelime ve karakter diizeyindeki temsilleri birlikte
kullanan sinir ag1 tabanli NER mimarileri 6nermistir. Akademik
terminolojinin alanlara gore farklilagmasi, bilimsel metinlerde
alana 6zel veri ve modellerin 6nemini artirmaktadir.

3.2. Iliski ve Esgonderim Cikarim

Bilimsel bilgiyi yapilandirmak i¢in  varliklarin
belirlenmesinin yaninda aralarindaki iligkilerin de ¢ikarilmast
gerekir. Ornegin bir yontem belirli bir gérevle veya bir model
belirli bir veri kiimesiyle iliskilendirilebilir. Luan, He, Ostendorf
ve Hajishirzi (2018), bilimsel makalelerde varlik, iliski ve
esgonderim bilgisini ortak bicimde ele alan ScilE yaklagimini ve
SciERC veri kiimesini sunmustur. Bu tiir ¢iktilar, varliklarin
diigtim ve iligkilerin kenar olarak temsil edildigi bilimsel bilgi
graflarinin olusturulmasina temel saglayabilir. Bununla birlikte
cikarim hatalarinin sonraki analizlere aktarilabilmesi, dogruluk
ve kaynak metinle iliskilendirilebilirligi kritik hale getirmektedir.
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4. AKADEMIK DOKUMANLARDA OTOMATIK
METIN OZETLEME

4.1. Cikarmmsal ve Soyutlayic1 Ozetleme

Otomatik metin Ozetleme, kaynak dokiimandaki temel
bilginin daha kisa bir metinle sunulmasini amaglar (Hark, Uckan,
Seyyarer ve Karct 2019). Cikarimsal yaklasimlar kaynak
metindeki 6nemli ciimleleri segerken (Hark, 2025) soyutlayici
yaklagimlar kaynak igerikten yeni ifadeler iretir (Lewis vd.,
2020). Akademik dokiimanlarin uzunlugu ve bolim temelli
yapisi, Ozetleme silirecinde hem igerik se¢imini hem de uzun
baglamin modellenmesini 6nemli hale getirmektedir.

4.2. Geleneksel ve Makine Ogrenmesi Tabanh
Yaklasimlar

Geleneksel c¢ikarimsal yontemlerde ciimle konumu,
kelime sikligi, baslikla benzerlik ve ciimle uzunlugu gibi
ozellikler kullanilabilmektedir. Makine Ogrenmesiyle birlikte
climle se¢imi siiflandirma veya siralama problemi olarak da ele
almmustir. Ugkan ve Karabulut (2024), ¢ikarimsal 6zetlemede K-
Means, Rastgele Orman, Gradient Boosting Machine, Lojistik
Regresyon ve Destek Vektor Makinelerini karsilastirmali olarak
incelemistir.

4.3. Cizge Tabanh ve Hibrit Yaklasimlar

Cizge tabanli Ozetlemede ciimleler diigiim, climleler
arasindaki benzerlikler ise kenar olarak temsil edilerek onemli
cimleler  merkezilik, bolimleme veya  optimizasyon
yontemleriyle belirlenebilmektedir. Ugkan, Hark ve Karc1 (2021)
tarafindan gelistirilen CatSumm, spektral ¢izge bolmeleme ile
diiglim merkeziliklerini ¢oklu dokiiman 6zetleme baglaminda bir
araya getirmistir.

Cizge kuramindaki kombinatoryal yaklagimlar da
Ozetlemede kullanilmaktadir. Hark (2025), maksimum bagimsiz
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kiime tabanli ¢izge yapisim1 biiyiik dil modelleriyle birlestiren
¢ikarimsal bir 6zetleme yaklagimi 6nermistir.

Ozetlerde bilgi kapsaminin korunmasi ve tekrarli igerigin
azaltilmas1 da temel bir problemdir. Hark, U¢kan ve Karc1(2024),
coklu dokiman dzetlemede maksimum kapsama ve minimum
tekrar1 birlikte ele alan Saplings Growing-up algoritmasi temelli
bir optimizasyon yaklagimi gelistirmistir. Ugkan (2025) ise ¢izge
entropisini BERT, RoBERTa ve XLNet gibi dil modelleriyle
biitiinlestiren hibrit bir ¢ikarimsal 6zetleme modeli 6nermistir.

Malatya Merkezilik Algoritmasi, diigim 6nemine dayali
farkl ¢izge problemlerinde degerlendirilmistir. Karci, Yakut ve
Oztemiz (2022), algoritmay1 minimum vertex cover problemine;
Yakut, Oztemiz ve Karc1 (2023a) ise maksimum bagimsiz kiime
problemine uygulayan yaklasimlar sunmustur. Minimum vertex
cover icin Malatya merkeziligine dayali farkli bir algoritma da
onerilmistir (Yakut, Oztemiz ve Karc1, 2023b). Oztemiz ve Yakut
(2024b) ise diigim baskinlik degerlerinin belirlenmesinde
Malatya Merkezilik Algoritmasini ele almistir.

Malatya merkeziligine dayali yontemler ayrica klik ve ag
analizi problemlerinde de incelenmistir. Yakut ve Oztemiz
(2024), kemoinformatik cizgelerde maksimum Klik belirlemeye
yonelik Malatya Merkezilik Algoritmasi tabanli bir yaklagim
onermistir. Oztemiz ve Yakut (2024a), Malatya merkeziligi
tabanli klik yontemini DIMACS benchmark ¢izgeleri ve farkli
rastgele cizge modelleri iizerinde degerlendirmistir. Yakut,
Oztemiz ve Karci (2025), Malatya Merkezilik Algoritmasi ile
bilinen merkezilik Ol¢iitleri arasindaki siralama iligkisini Kendall
rank correlation kullanarak analiz etmistir. Caglar, Oztemiz ve
Yakut (2024) ise ger¢ek ulagim ag1 verilerinde baglanti1 tahmini
icin Jaccard benzerligini ve maksimum akig analizi igin Ford-
Fulkerson yontemini kullanmaistir.
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4.4. Transformer Tabanh Yaklasimlar

Onceden egitilmis Transformer modelleri hem ¢ikarimsal
hem de soyutlayic1 6zetlemede yayginlasmistir. Liu ve Lapata
(2019), BERT temelli dokiiman kodlayicisini 6zetleme gorevine
uyarlamistir.  BART, bozulmus metni yeniden olusturma
hedefiyle egitilen kodlayici-kod ¢o6ziicii yapistyla metin {iretimi
ve 0zetlemede kullanilmaktadir (Lewis vd., 2020). PEGASUS ise
on egitim hedefini 6zetleme gorevine yaklagtirarak dokiimandan
cikarilan 6nemli climlelerin yeniden liretilmesini esas almistir
(Zhang, Zhao, Saleh ve Liu, 2020). Uzun akademik
dokiimanlarda standart 6z-dikkatin maliyeti 6nemli bir sinirlilik
olusturdugundan, Longformer gibi seyrek dikkat kullanan
mimariler uzun dizilerin daha diisiik maliyetle islenmesine
yonelik ¢ozlimler sunmaktadir (Beltagy, Peters ve Cohan, 2020).

5. TEMEL SORUNLAR VE GELECEK
ARASTIRMA YONLERI

Akademik dokiiman analizinde uzun metinlerin islenmesi,
dokiimanin boliim yapisinin  dikkate alinmasi ve alanlar
arasindaki terminolojik farkliliklar temel sorunlar arasindadir.
Bilimsel metinlere yonelik ¢alisilan alana 6zel 6n egitimin yarar1
SciBERT caligmasinda da gosterilmistir (Beltagy vd., 2019).

Diger bir arastirma yonii, ¢izge tabanli yapisal bilginin
baglamsal dil modelleriyle birlikte kullanilmasidir. Bu tlr hibrit
ornekler oOnceki bolimde ele alinmistir. Bilgi ¢ikarimi

gorevlerinde ardistk hatalarin azaltilmasit ise ¢ok gorevli
yaklagimlarin ele aldig1 sorunlardan biridir (Luan vd., 2018).

6. SONUC

Akademik dokiimanlarin otomatik analizi, bilimsel
bilgiye erisimi destekleyen smiflandirma, bilgi c¢ikarimi ve

206



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Ozetleme gorevlerini bir araya getiren genis bir dogal dil isleme
alanidir. Geleneksel 6zellik tabanli yontemlerden derin 6grenme
ve Transformer modellerine uzanan gelisim, metnin hem
baglamsal hem de yapisal ozelliklerinin daha giiclii bi¢imde
temsil edilmesini saglamistir.

Bu bdéliimde metin siniflandirma, bilimsel bilgi ¢ikarimi
ve otomatik Ozetleme yaklasimlari temel ydntemleriyle ele
alinmugtir. Ozellikle gizge tabanh dzetlemede merkezilik, spektral
boliimleme, baskin ve bagimsiz kiimeler, optimizasyon ve dil
modeli tabanli hibrit yaklasgimlarin  birlikte kullanildigi
goriilmektedir. Gelecekte uzun dokiimanlarin etkin bi¢imde
islenmesi, Tiirk¢e akademik veri kaynaklarinin gelistirilmesi ve
kaynak metne dayali giivenilir sistemlerin olusturulmasi baslica
arastirma yonleri arasinda degerlendirilebilir.
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JOINT EVALUATION OF SOLUTION QUALITY
AND COMPUTATIONAL RESOURCES IN
INDEPENDENT SET ALGORITHMS

Furkan OZTEMIiZ!

1. INTRODUCTION

The independent set problem can be interpreted as
determining the largest subset that can be selected together from
among mutually conflicting options (Hark, 2025): vertices
represent candidates, and edges represent relationships that
prevent joint selection. In practice, the value of a solution is not
limited to cardinality alone; validity, proof of optimality,
running time, and memory consumption also determine the
choice of method.

The maximum independent set problem is NP-hard on
general graphs; however, structural reductions, graph
decompositions, and bounding rules make exact solutions of
some large instances possible. Furthermore, centrality
approaches, MIS, and graph theory (Hark, 2024) provide
solutions to numerous real-world problems ((Uckan, Aslan, &
Hark, 2025), (Yunus, Hark, & Okumus, 2025)). Akiba and Iwata
(2014) demonstrate the practical value of branching/reduction
through vertex cover, while Lamm et al. (2017) demonstrate that
of reduction combined with evolutionary search. Therefore, a
time limit observed for a single method is not a universal limit
for all exact or heuristic methods.

! Inénii University, Faculty of Engineering, Department of Software Engineering,

ORCID: 0000-0001-5425-3474.
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In an experimental comparison, it must be clear which
metric is calculated on which set of observations and under
which implementation conditions. High average solution quality
may conceal excessive runtime on some instances, and low
median memory may conceal high cost on dense graphs;
comparing only completed runs may also make methods with
missing records appear more advantageous than they are
(Beiranvand et al., 2017).

This chapter examines MISA together with six
comparison methods within this framework. Selection based on
Malatya centrality was presented by Yakut et al. (Yakut,
Oztemiz, &  Karci, 2023a), and its  previous
theoretical/experimental results were compared with limited
algorithmic approaches (Yakut, Oztemiz and Karci (2025)). The
numerical basis of this study consists of the 170 Erd6s—Rényi
instances used in the general random graphs section (Oztemiz,
2026). The aim is not to present previous graphs as new
experiments, but to evaluate, through secondary analysis, the
comparability of solution quality, time, memory, and record
coverage; Pareto dominance, realized density, failure instances,
and quality attainment under a time budget.

2. PROBLEM DEFINITION AND LEVELS OF
PROOF

2.1. Independence, Maximality, and Maximum
Cardinality

Let G = (V, E) be a finite, simple, undirected graph, with
V| = nand |El = m. | € V is independent if no edge exists
between any two selected vertices; maximal if no additional
vertex can be added from outside; and maximum if it has the
greatest cardinality among all independent sets. Every maximum
set is maximal, but the converse does not hold in general.
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a(G) = max{|l|: T €V, VuveLu+v={uvi&E} (1

Maximality guarantees that every unselected vertex is
adjacent to at least one selected vertex and that the solution
cannot be extended by adding a single vertex; it does not rule
out finding a larger solution by removing one selected vertex
and adding multiple vertices. Thus, the distinction between
valid/maximal output and optimal output is maintained.

vwweV\NL NoWNI#=0 (2

When C = V \ 1 is taken, C is a vertex cover; if | is
maximal, C is inclusion-minimal, and if I is maximum, C has
minimum cardinality. |I] + |C| = n holds for every
complementary pair and is not, by itself, proof of optimality; the
optimal values satisfy a(G) + 1(G) = n.

2.2. Objective Functions and Reference Solutions

Let the binary variable x, indicate the selection of vertex
v. The maximum independent set is expressed by a binary model
that maximizes the number of selected vertices and permits at
most one endpoint of each edge to be selected. A valid heuristic
solution provides a lower bound; maximum cardinality requires
an upper bound attaining the same value or an equivalent
certificate.

max YyevXy; Xy + Xy < 1 (V{uv}€E), x, € {01} (3)

The problem can also be formulated in penalized binary
quadratic form. With unit vertex weights and each edge counted
once in the sum, A > 1 makes retaining two conflicting vertices
together disadvantageous at the global optimum; however, this
mathematical property does not imply that a particular solver
will prove optimality within its time budget. The QUBO/Ising
framework was examined by Lucas (2014).

max F(X) = ZVEVXV - A Z{u,v}EE XuXy, A>1 (4)
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2.3. Transfer of Solution Error to Vertex Cover

If the absolute shortfall of an independent set relative to
the optimum is ¢ = a(G) — |I], the excess of the complementary
cover over the minimum is also e; however, the denominators of
the relative errors differ. Therefore, the percentage error
reported for the independent set should not be transferred
directly to the vertex cover.

For example, for o(G)=20, ©(G)=80, and [I|=18, the
independent set shortfall is 10%, whereas the relative excess of
the complementary cover is 2.5%. Since 1(G)=0 may hold in an
edgeless graph, relative error for the cover must be defined
separately; the primary quality metric in this chapter is the
cardinality of the unweighted independent set.

3. DECISION PRINCIPLES OF THE
ALGORITHMS

3.1. Families of Methods Compared

Among greedy methods, MDG selects a vertex of
minimum degree in the remaining graph; the tendency to delete
few neighbors does not directly model the value of future
selections, and the implementation here does not represent all
MDG variants in the literature (Halldorsson and Radhakrishnan,
1997). VSA constructs the cover side using a support measure
based on the sum of neighboring degrees (Balaji et al., 2010);
the exact correspondence of the VSA label in the experimental
file with the original implementation could not be verified
because the source code was unavailable. The Luby approach
produces a maximal independent set using random local
priorities (Luby, 1986); because details of parallel execution are
absent from the records, the measured times are not evidence of
parallel speedup.
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Exact methods serve a different verification role. CPLEX
was used in the source as a binary quadratic model solver; Color
B&B exploits the equivalence between an independent set in G
and a clique in the complement graph, along with coloring upper
bounds (Tomita and Kameda, 2007); exhaustive search provides
a reference for small instances through inclusion/exclusion
branches. The names in the table refer to specific
implementations of these families.

Table 1. Decision principles of the methods examined

Selection using minimum Malatya . . .
MISA centrality Quality-oriented greedy comparison
MDG Selectlon using current minimum Low-cost baseline approach

egree

VSA Co_nstructmg a cover using the sum of Alternative local selection criterion

neighbor degrees
Luby Random local priorities Speed-oriented maximal-set approach
CPLEX Binary quadratic optimization Reference classified as exact in the source

ColorBap  Complementary clique and coloring

upper bound Bounded exact search

Exhaustive

search Inclusion and exclusion branches Reference for small instances

3.2. Effect of Malatya Centrality on Selection

Let H be the current residual graph. Malatya centrality is
the sum of the ratios of a vertex's degree to the degrees of its
neighbors; for an isolated vertex, the empty sum is zero, and no
division by zero occurs because neighbor degrees are at least
one. The definition and selection based on minimum centrality
are based on (Yakut, Oztemiz, & Karci, 2023b).

dy(v) <
Yy(v) = ZuENH(v)ﬁi Wy(v) = 0 egerdy(v) = 0 (5)

Because centrality uses not only vertex degree but also
the relative degree structure within the neighborhood, among
vertices of equal degree, the one connected to high-degree
neighbors may have a lower ¥ value; therefore, minimum-
centrality and minimum-degree selection do not always
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coincide. Although the metric indirectly accounts for the
structure of the neighborhood to be deleted, it does not resolve
all future selections. The Malatya centrality algorithm also
provides solutions to many different graph problems. (Yakut
(2025a), Yakut (2025b), Karaca and Yakut (2025))

In each iteration, MISA recalculates the degree and ¥
values of the residual graph, selects the vertex with the smallest
Y value, and deletes its closed neighborhood; ties are resolved
by fixed vertex identity. Updating the values after each deletion
is part of the algorithm's definition; keeping the initial values
fixed constitutes a different procedure.

Algorithm 1. MISA procedure on the current residual graph

Input G = (V, E), fixed and unique vertex identifiers
Output Maximal independent set | and minimal cover C
l1H—G; 1«0

2 While vertices remain in H

3 Compute the degrees and ¥ values in H

4 v« argmin (W(v), identifier(v))

5 T—I1u{v}

6 H<—H[VH)\ {v}UNM™)] (N denotes the current neighborhood)
7 Ce—V\I

8 Return the pair (I, C)

The closed-neighborhood deletion rule ensures that the
selected vertices are not adjacent to one another and that each
unselected vertex is deleted as a neighbor of some selected
vertex; the output is independent and maximal. When the output
contains k vertices, an upper bound of O(n?) per iteration and
O(kn?) in total can be used for a straightforward matrix-based
implementation, and this is polynomial because k<n. For an
adjacency-list implementation, the residual-graph scanning cost
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expressed as O(Zi(ni+m;)) is more informative; these are
theoretical bounds depending on the data structure, not profiling
measurements of the experimental code.

3.3. lllustrated Seven-Vertex Example

In the illustrative example, V={1,2,3,4,5,6,7} and
E={(1,4),(1,5),(2,3),(2,6),(2,7),(3,4),(3,5),(3,6),(3,7),(6,7)} are
taken, and this graph is not included in the experimental set of
170 instances. Initially, although vertices 1, 4, and 5 have degree
two, W(1)=2 and ¥(4)=¥(5)=7/5. MISA selects 4 and deletes
{1,3,4}, then selects isolated vertex 5, followed by vertex 2,
which has the smallest identifier in the triangle {2,6,7},
producing the size-3 solution {4,5,2}; when MDG selects 1 first
under the same identifier ordering, it selects only one more
vertex from the remaining complete graph {2,3,6,7} and stops at
size 2.

MISA [I| =3 MDG [I| =2

@ e ® @
OB OSO, (3 ] @)

L ® ® ®

Figure 1. Different outcomes of centrality and minimum-degree
selections on the same graph. Colored vertices indicate the
independent set. The example was prepared for this chapter.

Table 2. MISA selection sequence in the illustrative example

Step | Remaining vertices electe Deleted closed neighborhood SAEICO!
selected vertex

1 1,23456,7
2  2,56,7 5 5 0
3 2,67 2 2,6,7 2
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MISA's size-3 output is optimal: at most two vertices can
be selected from the four-cycle {1,3,4,5} and at most one from
the triangle {2,6,7}; the upper bound is three, and direct
examination of 128 subsets also confirms this. The purpose of
the example is not to prove general superiority but to
demonstrate the effect of selection criteria. A fixed identifier
provides reproducibility for identically labeled input, but
relabeling may change tie order and the maximal set found; seed
and labeling effects should be examined separately.

4. DATA PROVENANCE AND COMPARISON
PROTOCOL

4.1. Sources and Experimental Scope

The solutions, times in seconds, and memory values
labeled KB in the 170 records examined were taken from the
tables while jointly preserving row order, n, m, and the
displayed p. Vertex counts are 50, 100, 150, 200, 500, 1,000,
5,000, and 10,000, with 21, 21, 21, 21, 17, 17, 26, and 26
instances, respectively; edge counts range from 15 to
12,499,569. The source reports Erdés—Rényi generation, a 600-
second limit, and an Intel Core i7-11370H/16 GB/Windows
11/Python-igraph environment. The experiments were not rerun;
because code versions, solver logs, seeds, measurement code,
and raw graphs were not supplied, the audit is limited to the
internal consistency of the records and derived statistics.

At least one result classified as exact in the source exists
for 78 instances; 77 have n<200, and the other has n=500 and
source p=0.01. In instances with records from more than one
exact method, the cardinalities agree; this is an important
indication of internal consistency but does not replace an
independent optimality certificate. Because the IBM (2026)
documentation also distinguishes a proven optimum from an
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optimum within tolerance, the optimality gaps below are
conditional on the source classification.

4.2. Parameter Precision and Record Coverage

In the Erd6s—Rényi model, p is the generation
probability, whereas realized density is p=2m/[n(n—1)], and
these need not be equal in a finite instance. Since the two-
decimal precision of the source tables may display different p
values as 0.00/0.01 in large graphs, density analyses were
performed using p calculated from n and m.

_2m
nn-1)’

For example, for n=5,000 and m=12,158, p~0.000973;
0.00 in the p column does not mean an edgeless graph, and the
original p cannot be recovered exactly from the number of
edges. Because the same rounded (n,p) pair may occur in
multiple rows, row order together with n,m was retained as the
instance identifier.

0<p<1 (6

p:

Table 2. Result generation values based on methods

170 170 170

MISA
MDG 170 170 170
VSA 129 129 118
Luby 170 170 170
CPLEX 76 76 76
Color B&B 70 70 55
Exhaustive search 28 28 24

The total number of instances is 170, and record counts
were counted separately from the solution, time, and memory
appendices of the source report.
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Figure 2. Separate coverage of solution and time records and
memory records. Missing memory data are not equivalent to
missing solution data.

All three metrics are available for all 170 instances for
MISA, MDG, and Luby; solution/time records cover 129
instances and memory 118 for VSA, 70 and 55 for Color B&B,
and 28 and 24 for exhaustive search. Therefore, all metrics
cannot be assumed to refer to the same observation set. The 600-
second limit in the source is part of the experimental design; the
actual termination reason for every empty cell cannot be
determined from the existing tables.

4.3. Quality and Cost Metrics

For an instance with an exact reference, the relative gap
is the difference between the reference and the algorithm output
divided by the reference. For large graphs without a reference,
the largest value among MISA, MDG, and Luby on the same
instance, b, 1s used; this second metric is only the loss relative
to the three-method portfolio, and if the portfolio changes, b; and
the gaps may also change.

a(G;) — lajl
ga,i = 100 W (7)
b — L,
8,i = 100 N b = max{|IMISA,i|r|IMDG,i|v|ILuby,i|} ©)

1
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An average that gives equal weight to each instance is a
descriptive summary per graph; dividing the sum of all
cardinalities by one total reference gives greater weight to larger
independent sets. This chapter uses per-instance percentages for
quality, the geometric mean for time when appropriate, and the
median for memory, and specifies the denominator/type of
average in each table.

The paired time ratio is t(MISA)/t(MDG), and the quality
difference is [[(MISA)—|I(MDG)|. If one method provides at
least the same quality in at most the same time and is strictly
better on one of the metrics, it Pareto-dominates the other; thus,
the quality/time weighting is not fixed in advance.

Time-budget-dependent quality attainment H,(B,g) is the
proportion of large instances whose recorded completion time
does not exceed B and whose relative loss does not exceed
threshold €; here €=1%. The metric uses only final solutions, is
not a time series of intermediate solutions, and, although related
to the approach of Dolan—Moré (2002), is not identical to the
classical time-ratio performance profile.

1
H,(B,g) = EZieDbﬁyuk Ift,; < Bve d,; < ¢} (9)

5. COMPARATIVE FINDINGS

5.1. Quality and Common Observation Sets in Small
Graphs

Among the 77 small instances with an exact reference in
the source, MISA has a mean gap of 3.871%, a median of
1.064%, and a reference match in 38/77; for MDG, the mean
gap is 5.654% and the match count is 25/77, while the gaps for
VSA and Luby are higher. These values are findings of previous
experiments recalculated from supplementary tables, are not
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presented as new experiments, and reference exactness depends
on the source classification.

Table 4. Solution quality in 77 small instances with a reference

Method Mean gap (%) Reference matches| Match rate (%)

MISA 3,871 38/77 49,35
MDG 5,654 25177 32,47
VSA 21,536 2[77 2,60
Luby 20,198 377 3,90

In the same 77 instances, MISA vyielded a larger result
than MDG 32 times, an equal result 42 times, and a smaller
result three times; the reduction in mean gap is approximately
1.78 percentage points, and the percentage-point difference
should not be confused with a relative percentage improvement.

The 28 instances with solution and time records common
to all seven methods consist of 19 graphs with n=50, five with
n=100, three with n=150, and one with n=200; only 24 of these
also have complete memory records for all methods (19 with
n=50, four with n=100, and one with n=150). Accordingly, in
Table 5, quality/time is calculated over N=28 and memory over
N=24.

Table 5. Quality, time, and memory on common instances

Mean gap (%) CRUTES REE T Median memory (KB)
Method _ (UD) i
N =28 N =28 N =24

MISA 4,04 1,277 7.83
MDG 5,35 0,238 230
VSA 21,49 3,685 205
Luby 17,41 0,233 8,03
CPLEX 0,00 400,634 91,12
Color B&B 0,00 4,197 15,08
Exhaustive 0,00 8.006,893 2,87

search

For the 28 common instances, the geometric mean
runtime is ~1.28 ms for MISA, =4.20 ms for Color B&B,
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~409.63 ms for CPLEX, and =~8,006.89 ms for exhaustive
search. These ratios are meaningful only for the same instances;
the concentration of the common set in small graphs cannot be
generalized to large graphs, and selecting common instances
does not completely remove the selection effect of conditioning
on solvable instances.

5.2. Per-Instance Quality and Time in Large Graphs

The large-graph set contains 86 instances. Relative to the
best value in the three-method core portfolio, the average loss is
0.207% for MISA, 2.491% for MDG, and 23.790% for Luby;
MISA equals the best core value in 77 instances. These are not
estimates of the distance from the optimum; the loss may be
zero when all methods in the portfolio produce the same low-
quality solution.

Of the 66 instances in which MISA produced a larger set
than MDG, it was also faster in six, while in 60 the quality gain
was obtained at the cost of additional time. MDG was faster in
all 11 instances with equal quality and all nine instances in
which MISA produced a smaller set; in the pairwise Pareto
comparison, MISA dominates in 6 instances and MDG in 20,
while the remaining 60 instances require a quality—time trade-
off.

Figure 3. Paired quality difference and time ratio for MISA and

MDG on large graphs. Above the horizontal zero line indicates a

guality advantage for MISA, while left of the vertical line at one

indicates a time advantage for MISA. Each point compares two
records for the same graph.
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The non-dominated solution—time points among the three
core methods are 66/86 for MISA, 80/86 for MDG, and 72/86
for Luby; the sum exceeds 86 because multiple methods may
remain in the Pareto set on the same graph with different trade-
offs. Non-dominance does not mean highest quality; a very fast
but lower-quality method may also be non-dominated.

5.3. Behavior According to Realized Density

Large graphs were divided into three descriptive groups:
p<0.01, 0.01<p<0.10, and p>0.10. The thresholds are not
universal sparse/dense classes, and the distributions of n across
groups are not equal; because 20 of the 22 graphs in the first
group have 5,000 or 10,000 vertices, the differences cannot be
attributed solely to a causal effect of density.

Table 6. Paired comparison by density in large graphs

Density MISA Equa MDG Mean vertex S, i [
superior superior difference

p<0,01 24,64 1,36
0,01 <p<0,10 33 24 5 4 3,09 12,00
p>0,10 31 20 6 5 1,06 9,97

The vertex difference was calculated as MISA — MDG,
and the time ratio as MISA / MDG. Density p differs from the
generation parameter p.
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Figure 4. Quality comparison and geometric mean of the
MISA/MDG time ratio in realized-density groups. The number of
observations differs between groups. The groups represent a
secondary analysis of existing data.
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MISA is superior in all 22 instances in the p<0.01 group;
the mean absolute gain is 24.64 vertices and the geometric time
ratio is 1.36. At medium/high density, the mean gain falls to
3.09 and 1.06 vertices, while the time ratios increase to 12.00
and 9.97. At the same n=5,000 level, the group differences are
24.70/5.13/0.38; at n=10,000, they are 28.90/2.25/1.25.
However, because the relative cardinality gains are
approximately 2.47%/2.37%/2.37%, a substantial part of the
variation in absolute gains is associated with scale.

Density also matters in interpreting complexity: under
fixed positive p, the expected number of edges in G(n,p)
increases quadratically as p-n(n—1)/2; if mean degree is to be
kept constant, p must decrease approximately on the order of
1/n. These two designs address different scaling questions; the
source p=0.01 log-log time slope is not a general complexity
theorem, and it was not re-estimated here because rounded p
does not distinguish the original choices.

5.4. Cases Where MISA Produces a Smaller Solution

In the nine large instances where MISA produced a
smaller set than MDG, the loss ranges from 1 to 3 vertices and
the MISA time ratio from 4.95 to 14.18; MDG is preferable in
terms of quality—time alone. Table 7 presents all nine instances.

Table 7. Nine large-graph instances in which MDG produced a

larger set
IR S 7Y N AP

8.715 0,069860 14,18
1.000 29.770 0,059600 88 89 11,60
5.000 1.251.837 0,100167 7 78 13,37
5.000 1.376.891 0,110173 69 70 11,30
5.000 1.875.895 0,150102 51 53 8,44
5.000 2.500.875 0,200110 38 39 9,44
10.000 3.499.882 0,070005 115 118 8,51
10.000 4.500.833 0,090026 90 92 6,60
10.000 6.001.826 0,120049 7 72 4,95
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The largest absolute loss occurs at n=10,000,
m=3,499,882, with 115 versus 118; the highest relative core loss
1s 2/53=3.77% at n=5,000, m=1,875,895. Absolute and relative
losses highlight different instances; without raw edge lists,
attributing failures to a particular motif, degree distribution, or
local selection sequence would exceed the evidential limits of
the data.

5.5. Attainment of the Quality Target Within the
Time Budget

The time-budget analysis counts, among 86 large
instances, runs that finish within time B and have at most 1%
loss relative to the best final solution of the core portfolio;
because records of earlier intermediate solutions are unavailable,
no assumptions are made about their existence or quality.

Table 8. Attainment under a time budget and a one-percent
quality threshold

12/86 (14,0%) 8/86 (9 3%) 0/86 (0,0%)
1,0 34/86 (39,5%) 17/86 (19,8%) 0/86 (0,0%)
10,0 56/86 (65,1%) 23/86 (26,7%) 0/86 (0,0%)
60,0 77/86 (89,5%) 24/86 (27,9%) 0/86 (0,0%)
1009 Misa
— MDG
g 804 — Luby
_§ 60 4
Eg 40 4
E 20 4
E N
107 107! 10° 10! 10?

Budget for recorded completion time B (s)

Figure 5. Time-budget-dependent quality attainment based on
recorded final solutions. The target is at most 1% loss from the
best core solution on the same instance. The curves do not
represent records of intermediate-solution progress.
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Within one second, MISA meets the quality condition in
34/86 instances and MDG in 17/86; within 60 seconds, they do
so in 77/86 and 24/86 instances, respectively. Although Luby
fails to meet the strict 1% threshold in every large instance, it
has a recorded solution for all of them; zero attainment indicates
a threshold violation, not failure to find a solution. A looser
quality requirement or a requirement for only a fast maximal set
may lead to a different choice.

This evaluation is not a comparison with candidates
found by exact solvers before proof of optimality or with early-
terminated partial solutions from MISA/MDG/Luby; because
time-stamped intermediate records are unavailable, the budget
results are summaries conditional on final termination times.

5.6. Density-Dependent Variation in Memory
Behavior

For n=10,000, median memory is 11,715.79 KB for
MISA, 13,341.52 KB for MDG, and 14,170.21 KB for Luby;
nevertheless, MISA uses less memory than MDG in only 14 of
the 26 paired graphs and more in 12; for n=5,000, the
distribution is 13 to 13. Therefore, the median advantage cannot
be generalized to all densities.

401 —— n=5.000

35| === n=10.000

2 101
Rualzed density @ (leg scale)

Figure 6. Paired memory ratio by realized density at large sizes.
Values below one indicate lower recorded memory for MISA, and
those above one indicate lower recorded memory for MDG.
Whether the source measurement represents total process
memory or additional allocation is unknown.
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In the instance with n=10,000 and m=12,499,569, MISA
uses 51,506.47 KB and MDG 13,367.11 KB, with a ratio of
~3.85. Using a ratio removes differences arising from
decimal/binary conversion of KB but does not correct the
measurement definition; the results should not be generalized to
total system memory without knowing whether the main graph,
temporary copies, Python objects, and solver memory were
included.

5.7. Interpretation of Statistical Evidence

In the Wilcoxon signed-rank recalculation, zeros were
excluded, average ranks were used for equal absolute
differences, and the asymptotic p-value without continuity
correction was used. For MISA-MDG, W=53.5, p=8.22x10°°,
r=0.830 in the small reference set, and W=149.5, p=1.42x107",
r=0.895 in the large set, consistent with the report. Because 42
of the 77 differences in the small set are zero, the effective
number of ranks is 35; in the large set, 75 of the 86 pairs have
nonzero differences. SciPy notes that zeros/ties affect the
distribution. Because there are no repeated graph generations or
random runs, the p-values are not proof of universal superiority
but supplementary evidence for the existing paired differences;
density analyses are exploratory, and the main interpretation
rests on the observed distributions of
superiority/ties/losses/costs.

6. METHOD SELECTION ACCORDING TO
APPLICATION REQUIREMENTS

6.1. Verification Requirement and Resource Budget

Method selection should first establish whether the
application needs an optimality certificate or a valid and
sufficiently large solution. If the optimum is required, a heuristic
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lower bound alone is insufficient; for the exact solver, the best
valid solution, upper bound, termination status, and remaining
gap should be reported together. Under quality—time flexibility,
MISA and MDG should be selected according to the additional
quality/additional time trade-off on the same instance rather than
given a fixed ranking; with strict latency, a fast initial solution
may be useful, but a multistage system was not measured in
these data.

Table 9. Comparison approach according to requirements

Requirement Option to examine Decision criterion

Valid solution, upper bound,

Proof of optimality Exact solver and certificate o
and remaining gap

Flexible time for a MISA and strong Additional quality and time on
larger set improvement methods the same instance
Valid output with low MDG or random-priority ~ Completion within budget and
latency approach accepted quality
Limited memory on Measured low-memory Peak memory and input cost by
dense graphs implementation density

Fixed labeling and Code version, tie-breaking rule,

Reproducible decision .
P selection rule and seed

6.2. Combined Use and Directions for Improvement

Running multiple methods and retaining the largest
independent set is a simple portfolio approach; sequential
execution adds runtimes and management overhead, whereas
parallel execution may reduce wall-clock time but increase
processor/memory requirements. The best core reference in this
chapter represents the output size of such a portfolio in the
records, not a measured portfolio runtime.

Directions for improving MISA include tracking
changing neighborhoods through safe local updates verified to
preserve the same selection order, rather than recalculating all
centrality values from scratch in every iteration, and enlarging
the maximal set found through local exchanges; such extensions
should be compared with strong references (Lamm et al., 2017).
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If a new method selector is developed, training and evaluation
must be separated; the information value of realized density,
degree variability, number of components, and local structural
features must be independently validated on raw graphs,
otherwise success on the same data is not evidence of
generalizability.

7. REPRODUCIBILITY AND LIMITATIONS OF
VALIDITY

For reproducibility, solution, time, memory, and the
optimality certificate should be treated as separate data fields;
each graph should be assigned a unique identifier, and n, m, the
full-precision generation parameter, the generation seed, and the
file checksum should be retained. Each run should include the
algorithm version, tie-breaking rule, random seed, start/end
time, termination reason, and solution vertices; validation should
confirm that no edges exist between selected vertices, and
maximality checking should confirm that every unselected
vertex has a selected neighbor. For timing measurements, it
should be specified which of graph generation, file reading,
complement construction, model building, solution search, and
verification are included; repetitions, warm-up, background
load, and measurement resolution for millisecond-scale runs, as
well as different seeds for random methods and independent
instances in graph generation, should be considered. A sufficient
number of repetitions should be determined by the observed
variance and target uncertainty. For memory, peak process
memory and additional allocation should be distinguished, the
shared initial graph should be counted in the same manner,
coverage of external processes/libraries should be explained,
and KB/kB/KiB/MB labels should be used consistently; because
no source unit definition is available, this chapter uses the KB
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values without conversion and employs ratios for the same
instances. External validity is limited: Erd6s—Rényi instances do
not represent all networks with community structure, heavy-
tailed degree distributions, geometric constraints, or domain-
specific constraints, and the seven implementations examined do
not encompass the entire current independent set literature.
Claims of superiority across the literature cannot be made
without new comparisons against reduction, local search, and
advanced exact solvers.

8. CONCLUSION

The 170 experiments show that MISA exhibits a strong
quality profile compared with simple heuristics, but that the
advantage is not independent of time and density. Of its 66
quality advantages over MDG on large graphs, six were
achieved in less time and 60 with additional time; MDG
dominated MISA in quality—time terms in 20 instances. While
the absolute quality gain becomes more pronounced at low
realized density, the memory advantage was not maintained in
every instance, and memory records were complete for only 24
of the 28 common solution/time records across all seven
methods.

From an application perspective, the quality target,
time/memory budget, and verification requirement should be
determined before method selection. MISA is meaningful in
many quality-prioritized instances; other methods may be
suitable when exact optimality, very low latency, or limited
memory on a dense graph takes priority. Independent
experimental replications, raw graphs, strong additional
references, and transparent measurement records are the next
step toward extending these conditional findings to broader
graph classes.
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COMPARATIVE EVALUATION OF MALATYA
CENTRALITY AND MACHINE LEARNING
ALGORITHMS FOR SPOTIFY SONG
POPULARITY ANALYSIS

Selman YAKUT!

1. INTRODUCTION

The digital transformation of the music industry has
made song popularity analysis an important research area in
music data mining and machine learning. Spotify datasets
provide multidimensional acoustic features, including tempo,
energy, danceability, valence, acousticness, speechiness, and
loudness, which can be wused to investigate musical
characteristics and popularity patterns (Duman, Neto,
Mavrolampados, Toiviainen, & Luck, 2022). However,
relationships between these features and popularity are often
nonlinear and influenced by dataset size, listener preferences,
and temporal trends. Consequently, different analytical
approaches may produce varying results depending on their
methodological characteristics.

Previous studies have investigated song popularity using
various machine learning algorithms. Middlebrook and Sheik
(2019) and Saragih (2023) examined machine learning
approaches to song popularity prediction, including tree-based
methods such as Random Forest, while K. Li (2024) and Yao
(2024) investigated popularity prediction and model
generalization across different data distributions. Additionally,

1 Dogent Dr., inonii Universitesi, Mihendislik Fakiltesi, Yazihm Miihendisligi
bolimi, ORCID: 0000-0002-0649-1993.
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Random Forest (Breiman, 2001) provide complementary
approaches to prediction. Unlike these methods, Malatya
Centrality (MC) was originally developed to evaluate relational
structures in graphs (Karci, Yakut, & Oztemiz, 2022) and has
subsequently been investigated in graph optimization and other
application domains (Yakut, Oztemiz, & Karci, 2023a, 2023b).

This study comparatively evaluates MC, K-Means,
KNN, Random Forest, and Naive Bayes using six Spotify
dataset sizes comprising 10, 50, 100, 500, 1,000, and 5,000
observations. The analysis focuses on song rankings, overlap
among algorithms, and score variations across dataset sizes.
MC-inspired relational proximity scores are calculated using
distances between standardized acoustic features. The main
contribution is to investigate the applicability of an MC-inspired
approach to Spotify song analysis and evaluate its similarities
and differences with conventional machine learning approaches
across six dataset sizes.

2. RELATED WORK

Research on music popularity prediction has employed
various machine learning approaches using Spotify's acoustic
features. Middlebrook and Sheik (2019) investigated hit-song
prediction, while Saragih (2023) examined popularity prediction
using machine learning methods. K. Li (2024) investigated
relationships between musical attributes and popularity, whereas
Y. Li (2024) and Yao (2024) examined machine learning
approaches, data distribution, and model generalization in song
popularity  prediction. Duman, Neto, Mavrolampados,
Toiviainen, and Luck (2022) investigated relationships between
Spotify audio features and reasons for listening, demonstrating
the broader analytical relevance of acoustic characteristics.
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Different algorithms provide complementary
perspectives on music data analysis. Random Forest combines
decision trees for predictive modeling (Breiman, 2001). In
contrast, centrality-based approaches examine relational
structures. Furthermore, Ozavci and Yakut (2023) explored its
applicability to relational data in social platforms and
commercial applications, suggesting its potential for other
analytical contexts.

Although previous studies have extensively investigated
Spotify  popularity  prediction,  comparative  analyses
incorporating  centrality-based methods remain  limited.
Accordingly, this study evaluates MC, K-Means, KNN, Random
Forest, and Naive Bayes across six dataset sizes (10, 50, 100,
500, 1,000, and 5,000 observations). The analysis focuses on
song-ranking similarities, overlap among highly ranked songs,
and score variations, aiming to assess the potential of an MC-
inspired relational proximity approach for analyzing Spotify
music data.

3. METHODOLOGY

This section presents the methodological framework,
including data preprocessing, the application of MC and four
machine learning algorithms, and comparative evaluation across
different dataset sizes.

3.1. Dataset and Preprocessing

A Spotify dataset containing song popularity, release
year, and various acoustic and structural features was used.
During preprocessing, numerical variables were identified,
missing or invalid values were addressed, and features were
standardized to minimize scale-related effects on distance-based
calculations:
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xij -

ey

Zjj = &

Here; z;;, the standardized value represents the j-th
feature of the i-th song; x;;, the original value denotes the
corresponding unstandardized feature value; Hj» the arithmetic

mean represents the mean of the j-th feature; and ; o, the
standard deviation denotes the standard deviation of the j-th
feature. Additionally, song popularity was classified into five
categories: 0-20 (Very Low), 20-40 (Low), 40-60 (Medium),
60-80 (High), and 80-100 (Very High). The popularity variable
was used as the target variable in the prediction models.

3.2. Algorithms Employed
3.2.1. Malatya Centrality

MC, introduced by Karci et al. (2022), evaluates vertex
importance using neighborhood relationships and degree
information. Initially developed for the minimum vertex cover
problem, MC was subsequently extended to maximum
independent set problems and other graph-based optimization
tasks (Oztemiz, 2025; Yakut, Oztemiz, & Karci, 2023a, 2023b).
Further studies investigated its effectiveness in determining
node dominance and its relationships with conventional
centrality measures (Oztemiz & Yakut, 2024; Yakut, Oztemiz,
& Karci, 2025), demonstrating its applicability across different
graph-theoretic contexts. Graph-based optimization methods
have been employed in automatic text summarization through
dominating set models (Yunus, Hark, & Okumus, 2025) and
maximum independent sets integrated with large language
models (Hark, 2025). Additionally, convolutional neural
networks combined with text-based features have been applied
to indoor scene recognition (Uckan, Aslan, & Hark, 2025).
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In this study, a distance-based adaptation inspired by MC
was employed to evaluate relational proximity among Spotify
songs. Each song was represented as a node, and similarities
were assessed using Euclidean distances calculated from
standardized acoustic features:

d(x;, %) = Z(zim ~zm) @
p=1

Here, (p) represents the number of features, while z;,,, ve
Zjy, denote the standardized feature values of the respective

songs. Subsequently, the relational proximity score for each
song relative to the base song set was calculated as follows:

1
MC(x) = ZB iy @

Here, B represents the reference set of songs. To Eq. 3,
shorter distances yield higher proximity scores, indicating
stronger song similarity.

3.2.2. K-Means

K-Means is an unsupervised clustering algorithm that
groups similar observations. In this study, three clusters (K = 3)
were formed, and each song's proximity score was calculated
based on its distance to the nearest cluster centroid:

_ b-a 4
5= max(a, b) )
Here, pk denotes the centroid of cluster k.
3.2.3. KNN

KNN is a distance-based algorithm that evaluates
relationships among neighboring observations. In this study, the
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mean distance to the five nearest neighbors (k = 5) was used to
calculate a proximity score:

d(x,y) =

i(xi —¥i)? (5)
i=1

Here, n; denotes the j-th nearest neighbor of the song
under consideration. The score was used to analyze local
neighborhood relationships among tracks.

3.2.4. Random Forest

Random Forest is an ensemble learning algorithm that
combines multiple decision trees. In this study, a
RandomForestRegressor with 50 trees was employed to predict
numerical song popularity scores:

50
1
YD) =25 ) () (6)
t=1

Here, y(x;), represents the predicted popularity score of
song i, while h.(x;), denotes the prediction generated by
decision tree t for the same song.

3.2.5. Naive Bayes

Naive Bayes is a probabilistic classifier based on Bayes’
theorem. In this study, GaussianNB was used to classify songs
according to whether their popularity scores exceeded 50:

P (7)PW)
P(X)

Here, ¢ denotes the popularity class. The highest class
probability generated by the model was used as the score.

P(X/Y) = ™)
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3.3. Experimental Design

Six dataset sizes (10, 50, 100, 500, 1000, and 5000
observations) were analyzed to assess the effects of sample size
on algorithm performance. Random sampling, an 80%
training/20% test split, and ten experimental repetitions were
employed. Computational times and algorithm-specific scores
were evaluated, considering the distinct objectives of proximity
analysis, regression, and classification.

3.4. Pseudocode of the Study

Algorithm 1. Comparative experimental procedure for
Spotify song popularity analysis

1. Input:

D: Spotify dataset

S: {10, 20, 50, 100, 200, 500, 1000, 2000, 5000}

A: {MC, K-Means, KNN, Random Forest, Naive Bayes}
Output:

R: Algorithm results

1. Load dataset D.

2. Identify numerical features.

3. Handle missing and invalid values.

4. Separate the popularity target from input features.
5.FOREACHs € S:

6. Select s observations from D to form D_s.

7. Split D_s into training and test sets.

8.  Estimate standardization parameters using training data.
9. Transform training and test data using the same parameters.
10. Identify the reference song set for MC.

11. Calculate Euclidean distances between songs.

12. Compute MC proximity scores.

13. Fit the K-Means model with K = 3.

14. Calculate scores based on the nearest cluster centroid.
15. Identify k = 5 nearest neighbors for KNN.

16. Calculate scores based on mean neighbor distance.
17. Train Random Forest using 50 trees.

18. Predict popularity values for test songs.

19. Construct a binary target using popularity > 50.

20. Train the GaussianNB model.

21. Calculate class probabilities for test songs.

22. Record results and computational times.

23. RJ[s] < Results for the corresponding dataset size.
24. END FOR

25. Compare the results using tables and figures.

26. Return R.
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4. EXPERIMENTAL RESULTS

This section presents the experimental findings in book-
chapter format, retaining the comparative tables for six dataset
sizes (10, 50, 100, 500, 1,000, and 5,000 observations) and
preserving the original experimental results.

4.1. Malatya Centrality Analysis

The results indicate that mean MC values increase with
dataset size and stabilize at approximately 3.76-3.81 for 500—
5,000 nodes. The maximum MC reached 4.3868 at 5,000 nodes,
while “Together As One” frequently ranked highest in larger
samples. These findings suggest that MC can identify songs
with prominent relational positions in the analyzed feature
space.

Table 1. MC Analysis Results for Different Dataset Sizes

Dataset Number of Number of Maximum Song with Highest Mean

Size Nodes Edges MC MC MC

10 10 7 3.2000 Walking in a 2.4000
winter

50 50 645 4.0345 Everything is 3.5964
Sound

100 100 3111 3.9718 Everything is 3.6017
Sound

500 500 84,526 4.0914 Father's day 3.7871

1000 1000 343,63 4.1003 Together As One 3.7834

5000 5000 7,766,082 4.3868 Together As One 3.7651

4.4. Song Ranking Outputs Across Dataset Sizes

This section compares song rankings generated by the
algorithms across six dataset sizes (10, 50, 100, 500, 1,000, and
5,000 observations), highlighting similarities and differences in
the highest-scoring songs as sample size increases.

4.5. Small-Scale Samples

For the 10- and 50-node datasets, the algorithms
produced different song rankings, reflecting their distinct
scoring approaches. As shown in Table 2, for the 10-node
dataset, MC shared all ten songs with Random Forest, Naive
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Bayes, and K-Means, and nine with KNN, although their
ranking positions varied. Both MC and Random Forest ranked
“Walking in a Winter” first, indicating substantial agreement in

song selection despite differences in ordering.

Table 2. Ten Highest-Scoring Songs by Method for Base = 10

Rank MC K-Means KNN R:Qig;n Naive Bayes
Wfilklng ina What They Say Anything Wfilklng ina Dancing
1 Winter Say (0.6973) (0.9543) Winter Shoes
(119.6993) y © ) (38.4283) (0.9958)
5 Dancing Shoes Il(/:\(;:]qgr:tn the SD;ggsmg Dancing Shoes | Say Anything
(119.1196) (0.5222) (0.9504) (38.4276) (0.9874)
| Shall Be Money (That's | Money (That's . Teenage
3 Released What I...) What I...) (S;gér;)‘/‘t)hmg Dream
(117.2281) (0.4761) (0.9503) ) (0.9755)
Sav Anvthin | Shall Be Living in the | Shall Be Walking in a
4 (135 16)15) 9 Released Moment Released Winter
) (0.4296) (0.9477) (38.0093) (0.9741)
Holding On Teenage Teenage .
5 '(rleleg %%%gream and Letti Dream Dream (Folxgg%j)
) (0.3948) (0.9444) (37.2194) )
. Walking in a Walking in a Holding On Holding On
6 E:tlt?l(r:)glco)zggd Winter Winter and Letti and Letti
) (0.3673) (0.9424) (34.4139) (0.9589)
7 Fix You Fix You Fix You Fix You :?ireaalsle?je
(79.8068) (0.3554) (0.9352) (32.4258) (0.9478)
Money (That's Teenage | Shall Be Money (That's | Money (That's
8 What I...) Dream Released What I...) What I...)
(69.6451) (0.3452) (0.9260) (29.2225) (0.9239)
Living in the . Holding On Living in the Living in the
9 Moment (S(%gg))/thmg and Letti Moment Moment
(55.6514) ' (0.9153) (26.0217) (0.9004)
10 What They Say Sﬁggsmg What They What They What They
(36.3521) (0.2865) Say (0.8929) Say (20.8141) | Say (0.8088)

For the 50-node dataset, Table 3 shows that MC and

Random Forest shared nine of the top ten songs in identical
order. MC shared six songs with Naive Bayes, one with KNN,
and none with K-Means. Although MC and Random Forest
exhibited substantial ranking agreement, this does not
necessarily indicate superior predictive accuracy due to
differences in their scoring methods.
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Table 3. Ten Highest-Scoring Songs by Method for Base = 50

Rank MC K-Means KNN R::r%i? Naive Bayes
. Egsmhmg Is '(:Ou% 88” I;arrr]]?tsz:“ yume gz)/s%thlng Is (F(;rg;vsog;(
(611.8869) ) (0.9863) (191.2012) )
2 _II:_?rrntehe First The Freedom Etlel_gci/ws _lli_?rl;]zhe First Best of You
(6104276) | SOM9 (O5873) | 1 gg3g) (o11058) | 09979
3 Firework Ima Killer Airplanes Firework gz)/s%thlng Is
(589.4630) (0.5788) (0.9817) (188.8118) (0.9908)
4 In My Bones Stuck On You Black Dog In My Bones (B;:r:ﬁ:(:vfn)
(588.4965) (0.5437) (0.9799) (188.3980) (0.9903)
. The Bleeding . Someday
5 ig;tsazl;;és) Gravedigger's Muddy Water g;ggagg;zs) (Electric)
) So (0.5352) (0.9793) ) (0.9864)
Breaking the Simple Breaking the Nothin' on
6 Rules 8?3?::)0((8)%(1220) Things Rules You /My
(584.0558) ) (0.9786) (186.0039) (0.9859)
Someday hikari no hikari no Someday For the First
7 (Electric) furusato furusato (Electric) Time (0.9845)
(553.7161) (0.5035) (0.9781) (184.0009) )
8 Best of You kanashi yume o w:g;'gm;z Best of You w?rlllt(e:?g ina
(547.9177) mita (0.4820) © 9779)p (183.6120) (0.9839)
A T P e O
(539.8375) (0.4662) : (182.4409) (0.9817)
. Everybody . Winter Sweet As
10 (85t|2II5 gggz) Knows My N (F(? gggél)ly Wonderland Whole
) (0.4458) ) (177.1960) (0.9811)

4.6. Medium-Scale Samples

For the 100-node dataset, Table 4 shows that MC and
Random Forest shared all ten top-ranked songs, despite
differences in ordering. MC shared seven songs with Naive
Bayes but none with K-Means or KNN. This substantial
agreement between MC and Random Forest does not necessarily
indicate equivalent predictive accuracy.
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Table 4. Ten Highest-Scoring Songs by Method for Base = 100

Rank MC K-Means KNN Random Naive Bayes
Forest
Everything Is Dilo Como Yo | The Old Everything Is Paradise -

1 Sound (Te Est...) Guitar Sound Acoustic
(1242.1023) (0.7540) (0.9861) (382.8001) (0.9986)

Hate Song for Walking ina | Hate Song for Hate Song for
- Fuck You - - .

2 Brains (0.7088) Winter Brains Brains
(1233.3545) ' (0.9858) (381.5857) (0.9965)

. | Heard The Beer Everything Is

3 Eezefz(ﬁzgg)s tic) [\(l)o;(;lggre et Bells On (Acoustic) Sound

) ) (0.9858) (379.5913) (0.9958)
. . | Was Gonna Beer
Just a Kiss Tiers monde Hate & Love .

4 Marry Yo (Acoustic)

(1207.5206) (0.6713) (0.9843) (378.7873) (0.9953)
Bleeding .
| Was Gonna For the First

5 Marry Yo :;ngglf;)(nock \l)/lvl;?ec:y Time Mean (0.9933)

(1204.4192) (0.9819) (377.9954)
Have

6 Shimmer Acid Rock Yourselfa Just a Kiss :\AV;?,S (\3((())nna

(1203.9266) (0.6183) Merr (377.5563) © 99{5)
(0.9819) )

7 "I:'(i)r;tehe First My Weakness | Black Dog Shimmer Ghost
(1201.0501) (0.6146) (0.9814) (377.1937) (0.9912)

8 Don't Speak élg;lﬁegvu gétNg\\::: Don't Speak Hate & Love
(1186.5364) (0.5817) (0.9814) (375.9823) (0.9908)
Paradise - Hardbover Coal War - Paradise - Shimmer

9 Acoustic Hospital from Sons Acoustic (0.9897)
(1158.9211) (0.5671) (0.9813) (373.6017) )

10 In My Bones Mother's Song AH\Q\g,:E\e’Zfd In My Bones For the First
(1158.5089) (0.5649) (0.9813) (371.9972) Time (0.9890)

For the 500-node dataset, Table 5 shows that MC shared
eight of its top ten songs with Random Forest, three with Naive
Bayes, one with KNN, and none with K-Means. This substantial
overlap with Random Forest indicates ranking similarity but
does not establish predictive accuracy or algorithmic superiority.
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Table 5. Highest-Scoring Songs by Method for Base = 500

Rank MC K-Means KNN ngi(;n Naive Bayes
. Sunday Best - Streetlight in Lo
P sl | L st mee O St
) (2011.4572) ) (381.1601) )

Burn the House | Juan Loco - - . Flying For

2 Down Area 52 Egsggggl)ty (F;;gegé; 433“/ The First
(1230.1687) (0.7592) ) ) (0.9985)

3 Counting Stars Jacob's Ladder ﬁg;%gzm of E]eedlazllzPress Hobo Lullaby
(1227.3837) (0.7268) (0.9875) (379.9410) (0.9981)

4 tshtéeét"ght n Stories To Tell | Psalm 86 Counting Stars tpheedlzillso Press
(1227.3507) (0.7254) (0.9873) (379.9367) (0.9980)

5 Crocodile Rock | Master Maqui - :r;::nir%my 'T'Ir?/elr::girzfr 1vs 7 Billion
(1226.6286) Area (0.7234) (0.9?369) (379.5551) (0.9978)
They Can't If . Crocodile

Nl o
(1219.0009) ) ) (379.5521) '

7 40 Miles l[j:gﬁ(r}ca So Long EL(;LnSftzh[e)own Eﬂv(i?er's Son
(1216.1699) (0.7189) (0.9860) (379.5473) (0.9972)
Times Are Not On Freedom Wayfaring They Can't If Pinocchio's

8 Changi (A Carol) Stranger You Do Demise
(1215.3512) (0.7185) (0.9857) (379.1537) (0.9968)
Pedals Press the | And Still Goodhye God Gave Me | Make It

9 You Through
Flo (1214.9742) | (0.7037) (0.9853) (379.1460) (0.9964)

10 E:?’s'?g For The Doctor Father's Day Healing Touch | God Gave Me
(1212.0655) (0.7027) (0.9851) (378.7532) You (0.9963)

4.7. Large-Scale Samples

For the 1,000-node dataset, Table 6 shows that MC and
Random Forest shared 18 of their top 20 songs, while no overlap
was observed with K-Means, KNN, or Naive Bayes. This
substantial ranking similarity is noteworthy despite differences
in the methods’ scoring principles.
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Table 6. Highest-Scoring Songs by Method for Base = 1,000

Rank MC K-Means KNN Random Naive Bayes
Forest
Together As Sunday Best - Together As - )
1 One (feat...) Live a Kingpin (9.78) One (fea...) E:Blgt(%d;?)Fuga
(20120.00) (20120.00) (5030.00) )
Luta 2012 - Feat. Agita (feat. EI
2 Baby (793.81) | (50120.00) The Par (9.76) | B3 39570) | wiich..) (8.28)
3 I'm Down (feat. Lights (I?I'I(IeOECstO rr;o Yo Efr:a?%vzg ) 2012 - Feat.
Dee...) (91.81) (20120.00) (9.73) (44.45) The Par (7.99)
4 Everybody (Efe(;f 5_|s)ten Jericho (9.73) Everybody E Go Listen
Talks (86.24) © 41') ' Talks (40.81) (feat. J...) (7.95)
5 Immigrant Visa Piloto de Fuga | March of the Immigrant Yo Momma
(82.29) (9.34) Idiots (9.73) Visa (39.32) (7.85)
6 Bless the Lord szglzf;(;u ) hzzrsz(l’anjs Bless the Lord Human Disco
(78.42) (9.28) (9.73) (37.60) Ball (7.84)
7 In The End Piloto de Fuga | La Bostelle Courtesy Call Tempos
(77.39) - Leo (9.24) (9.72) (37.09) Insanos (7.74)
8 Courtesy Call g?gg\l/r;g £ETHEZE | Rosemary Maga Traz a
(77.38) Featu... (9.19) T< (9.71) (37.03) Lenha - (7.74)
9 Rosemary 3512('22 Shade Stella and Sam No Te Apartes Maga Traz a
(77.13) (9.09) Theme (9.71) de Mi (36.37) Lenha (7.74)
10 War of Change Darker Shade :\(/Ia;r:\;,:—alf‘oo In The End El Pacino
(75.87) of Pale (9.03) (9.70) (36.35) (7.60)
. Tempos
No Te Apartes Agita (feat. El War of Change e
| demi(7549) | Mich.) (@o1) | YBRIPOT0) | 357 Egsgg‘)"s Fri
12 Lo malo de ser The Penetrator | Not There Yet Lo malo de ser | Fatty Boom
bueno (74.51) (9.00) (9.68) bueno (35.13) Boom (7.54)
13 Absolute Zero 2012 - Feat. Eitn 1 Won't Give I]Zr:r?(?:- Co
(73.88) The Par (8.98) | (9.68) Up (34.76) (7.48) P
Tempos .
No Me Importa Soldier Boy Absolute Zero
14| eI Din... (72.62) Egsgg;’s -Cop | (968) (34.47) Mugabe (7.46)
No Me Importa | Thank You
15 Laz"‘;g)wa'k Felicia (8.95) | Juliana (9.68) | el Din.. Lord (feat...)
' (34.41) (7.42)
16 Entombed Legalise It gisrtl?isys of Take a Walk Rapinoblada
(72.53) (8.91) (34.39) (7.39)
(9.67)
Another Way No Balango de | Point of No Entombed .
7| out (72.46) Canoa (887) | Return (9.67) | (34.38) Movin (7.36)
Enamorado tuyo | Fatty Boom Enamorado Té& Amarrado
18| (72.26) Boom (8.86) | YUMPO O87) | {ivo (34.06) | (7.35)
A Little Death Té& Amarrado Assomdwee A Little Death
9| (7163) (8.81) (9.67) (33.91) JBRIP(7.33)
20 Eﬂneasqs;g‘ do Cyber Space Time for Me Another Way Rapinoblada -
(71.27) Jam (8.73) (9.67) Out (33.87) Dr. Da (7.23)
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For the 5,000-node dataset, Table 7 shows that MC and
Random Forest produced identical song-title rankings in the first
19 positions. Overlap with other methods was more limited.
However, duplicate song titles and tied scores complicate
ranking interpretation, and ranking similarity does not
necessarily indicate predictive performance.

Table 7. Highest-Scoring Songs by Method for Base = 5,000

Rank MC K-Means KNN R::ig? Naive Bayes
1 'Ic')cr)]%ether As Sunday Best - 5 (10.00) 'Ic')cr)]%ether As Don Giovanni
(20120.00) Live a (20120.00) (5030.00) (724320.00)
. . . .| All-night
Don Giovanni Thundercats Don Giovanni i
2 Luta (20120.00) Vigil
(20120.00) (10.00) (5030.00) (645840.00)
All-night . All-night All-night
3| vigil Lights (20120.00) Igj"(elt(') '(‘;‘)‘)' Vigil Vigil
(20120.00) ) (5030.00) (523120.00)
12 Trio All-niht 12 Trio 12 Trio
4 Sonatas Fall (20120.00) Viail (99 95) Sonatas Sonatas
(20120.00) gt e (5030.00) (482880.00)
All-night . . All-night Taaveti laul
5 | vigil ’ Quizas All-night Vigil ’ 141
(20120.00) | (20120.00) Vigil (9.94) | (5030.00) (482880.00)
Octetin E Octetin E Komm
6 Flat Majo Ja (20120.00) Komm (9.94) | Flat Majo (462760.00)
(20120.00) (5030.00) )
7 Eivet' laul It's Dark Taaveti laul Taaveti laul ?f?gra[e::
(20120.00) (20120.00) 141 (9.90) 141 (5030.00) (402400.00)
8 Don Giovanni | Sonata For Solo All-night Don Giovanni :-tI:Iri(;Id en
(20120.00) Cell (20120.00) Vigil (9.90) (5030.00) (382280.00)
9 Komm ICEcr)ielimed of Star Runner Komm Ici)lgttelt\/:gjs
(20120.00) (20120.00) (9.84) (5030.00) (342040.00)
1 C!I-_r;lght Night Woven of P.I. High C!I-_r;lght C!I-_r;lght
0 igi Snow (20120.00) | Theme (9.83) | 19! igi
(20120.00) ) ' (5030.00) (342040.00)
11 Don Giovanni | Goodnight -7 e AV Don Giovanni | Don Giovanni
(20120.00) (20120.00) 7% (9.82) (5030.00) (321920.00)
Harold en | Don't Wanna Bach - 3 Harold en Concerto for
12 Italie Lose (20120.00) chorales Italie Harpsic
(20120.00) ) (9.80) (5030.00) (301800.00)
1 | ooes | SIOBeLONs | prGe” | e | Don Giovami
(20120.00) ' 9.79) (5030.00) )
Twinkle
14 Dornrdschen Strobe Lights (Little Dornrdschen Dornrdschen
(20120.00) (20120.00) Chri...) (5030.00) (221320.00)
(9.79)
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Concerto for Etudes Kingpin Concerto for Nocturne in
15 Harpsic symphoniques (9.78) Harpsic C-Sharp
(20120.00) (20120.00) (5030.00) (105000.00)
16 Baby Bach - 3 chorales g\cl)vr:;)t/rs]ing Baby I;\(;?Trlggm:
(793.81) (20120.00) (9.78) (395.70) (580.00)
Symphony Das Zones Symphony
17 No.88in G Wohltemperierte Without No.88in G Bach (570.00)
. . eople (9. .
526.78 20120.00 People (9.77 261.94
: 2012 - Feat. . . .
Stills & Nash Stills & Nash Don Giovanni
18| (463.68) Bach (20120.00) gs;ﬁr (230.92) (500.00)
19 River Deep l;llc;(t:tltj/lrne in E- FREE River Deep Eﬂgetio-dlfeo
(391.17) (20120.00) (9.76) (194.79) (8.77)
20 'I&cé?fmg;m: 2 Pieces Dance Face ggggfdneo for 2 Turntables
(290.00) (20120.00) 2000 (9.76) (134.39) and a C (8.60)

Across the six dataset sizes (10, 50, 100, 500, 1,000, and

5,000 nodes), MC and Random Forest exhibited substantial
ranking overlap. Their top-ten song sets were identical for 10
and 100 nodes, with eight overlapping songs at 500 nodes and
18 of the top 20 at 1,000 nodes. At 5,000 nodes, the first 19
ranking positions contained identical song titles. Overlap with
K-Means and KNN was generally limited, while Naive Bayes
showed varying agreement. However, ranking similarity does
not establish predictive accuracy or algorithmic superiority.

5. DISCUSSION OF FINDINGS

The experimental findings demonstrate that the
algorithms exhibit different behaviors depending on dataset size
and methodological characteristics. Random Forest effectively
models complex relationships among acoustic features,
consistent with previous studies (Saragih, 2023). Meanwhile,
Naive Bayes provides probabilistic classification, KNN
evaluates neighborhood relationships, and K-Means identifies
acoustically similar groups. Since these methods have distinct
objectives, their scores are not directly comparable.
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The MC results indicate its potential for relational
analysis of Spotify songs. Mean MC values increased from
2.4000 for 10 nodes to approximately 3.76-3.81 for 500-5,000
nodes, while the maximum reached 4.3868 at 5,000 nodes.
Across the six dataset sizes (10, 50, 100, 500, 1,000, and 5,000
nodes), MC and Random Forest exhibited substantial ranking
overlap. Their top-ten song sets were identical for 10 and 100
nodes, with nine overlapping songs at 50 nodes and eight at 500
nodes. Additionally, 18 of the top 20 songs overlapped at 1,000
nodes, while the first 19 positions contained identical song titles
at 5,000 nodes. Agreement with the other algorithms was
generally lower or varied across datasets.

Although these findings suggest that MC and Random
Forest can identify similar tracks, ranking overlap does not
establish predictive accuracy or algorithmic superiority.
Differences in scoring mechanisms, potential duplicate records,
and the influence of dataset size require careful interpretation.
Future research should investigate score normalization,
statistical relationships between MC and observed popularity,
and the integration of MC-derived features into predictive
models.

6. CONCLUSIONS AND FUTURE WORK

This study comparatively evaluated MC, K-Means,
KNN, Random Forest, and Naive Bayes for Spotify song
popularity analysis across six dataset sizes (10, 50, 100, 500,
1,000, and 5,000 observations). The findings revealed
substantial ranking overlap between MC and Random Forest,
with identical top-ten song sets at 10 and 100 nodes, nine
overlapping songs at 50 nodes, eight at 500 nodes, and 18 of the
top 20 at 1,000 nodes. At 5,000 nodes, identical song titles
appeared in the first 19 ranking positions. These results
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highlight the potential of MC-inspired proximity measures for
relational analysis of Spotify tracks. However, ranking similarity
does not establish predictive accuracy or algorithmic superiority,
as the methods serve different analytical objectives.

The main contribution of this study is the comparative
assessment of MC-inspired relational proximity and
conventional machine learning approaches across varying
dataset sizes. Future research should explore MC score
normalization, its relationship with song popularity, and its
integration into predictive models. Larger datasets and
independent validation procedures could further improve the
reliability of the findings.
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GRAPH-BASED MOVIE RECOMMENDATION
USING MALATYA CENTRALITY: A
COMPARATIVE STUDY

Selman YAKUT!

INTRODUCTION

The expansion of digital movie catalogs has increased the
need for recommender systems that rank unwatched films
according to users’ viewing preferences and support personalized
content discovery (Bozkurt & Aci, 2021; Raza et al., 2024).
Content-based  filtering uses item attributes, whereas
collaborative filtering exploits user—item interactions (Darban &
Valipour, 2022). Neighbor-based and clustering methods have
also been applied to movie recommendation, while graph-based
approaches incorporate relationships among movies into
recommendation scoring (Elmas et al., 2025).

A methodological question is how relationships within a
user’s viewing history can inform candidate assessment beyond
pairwise similarity. Malatya Centrality (MC) provides a means of
evaluating relative relationships among connected nodes (Karci
et al., 2022). Building on Ozavci Sahin and Yakut (2023), this
study applies MC to a larger movie collection and compares its
rankings with established similarity measures.

The proposed method constructs a weighted graph from
previously watched movies. Edge weights reflect shared release

1 Dogent Dr., inonii Universitesi, Miihendislik Fakiiltesi, Yazilim Miihendisligi
bélimi, ORCID: 0000-0002-0649-1993.
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year, genre, country, runtime, and language attributes, while node
strengths equal the sums of incident edge weights. Each candidate
is temporarily added, scored using its strength relative to its
neighbors, and removed before the next evaluation. This
procedure avoids constructing a graph containing the entire
movie collection.

Using the movies_metadata dataset of 45,571 records, the
study compares MC rankings with Jaccard similarity, cosine
similarity, and Pearson correlation across candidate collections of
different sizes. The analysis examines overlap and differences
among the highest-ranked recommendations.

RELATED WORK

Recommender  systems  employ  content-based,
collaborative, hybrid, and graph-based approaches across diverse
domains. Applications include journal selection through text
mining (Kartal et al., 2018), news recommendation (Ozgobek &
Erdur, 2015). 2021). Pinar, Okumus, Turgut, Kalipsiz, and Aktas
(2017) emphasized the importance of hyperparameter
optimization when processing large datasets.

In movie recommendation, Bozkurt and Act (2021)
compared three systems using accuracy and computational speed.
Nilla and Setiawan (2024) used movie reviews and sentiment
analysis for content-based recommendation. Graph-based
approaches include Neo4j modeling (Dalgin & Das, 2024) and
hybrid filtering designed to address sparsity (Darban & Valipour,
2022). Elmas, Yalcin, and Kaynar (2025) combined genre
analysis with graph-based interactions, reporting lower prediction
errors but weaker performance for rare genres.

Cold-start challenges have been addressed through deep
learning and graph analysis (Kherad & Bidgoly, 2022). Chen et
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al. (2024) introduced Graph Neural Patching, combining
GWarmer and Patching Networks to support existing and cold-
start users and items. Raza et al. (2024) reviewed practical
recommendation challenges and emerging graph- and LLM-
based approaches.

Centrality-based methods have been investigated for
citation recommendation (Samad et al., 2019) and movie
recommendation using MC (Ozavci Sahin & Yakut, 2023).
Related research examined publication similarity (Oztemiz &
Karci, 2020), MC rankings relative to established centrality
measures (Yakut et al., 2025), and node dominance (Oztemiz &
Yakut, 2024). Broader applications include dominating-set and
maximum-independent-set approaches to text summarization
(Hark, 2025; Yunus et al., 2025), alongside hybrid CNN and
textual-feature methods for scene recognition (Uckan, Aslan, &
Hark, 2025).

Overall, the literature highlights opportunities for
incorporating structural relationships into recommendation,
alongside persistent sparsity, cold-start, and computational
challenges. Previous MC applications motivate the present
comparison with established similarity measures, while
recommendation quality and scalability require further systematic
evaluation.

MATERIALS AND METHODS

The MC-based recommendation approach was compared
with Jaccard similarity, cosine similarity, and Pearson correlation
using the movies_metadata dataset of 45,571 records. Identical
preprocessing procedures were applied across all methods.

A user-specific weighted graph was constructed from ten
previously watched movies, whose attributes are presented in
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Table 1. Nodes represented movies, and edge weights reflected
shared release year, genre, country, runtime, and language
attributes. Runtime differences of no more than 10 minutes
counted as a match, and edges were established for positive
weights.

Each node’s weighted strength was calculated by
summing its incident edge weights and used in MC-based
scoring. These strengths are presented in Table 2.

Table 1. Previously watched movies and their attributes

Movie Year Genre Duration Country Language

Toy Story 1995  Animation, 81 min USA English
Comedy, Family

Jumanji 1995 Adventure, 104 min  USA English
Fantasy, Family

Grumpier Old 1995 Romance, 101 min USA English

Men Comedy

Waiting to 1995 Comedy, Drama, 127 min USA English

Exhale Romance

Father of the 1995 Comedy 106 min USA English

Bride Part 11

Heat 1995 Action, Crime, 170 min  USA English
Drama, Thriller

Sabrina 1995 Comedy, 127 min Germany  English
Romance

Tom and 1995 Action, 97 min USA English

Huck Adventure,
Drama, Family

Sudden Death 1995  Action, 106 min  USA English
Adventure,
Thriller

GoldenEye 1995  Adventure, 130 min UK English

Action, Thriller

Each movie’s weighted node strength was calculated by
summing its incident edge weights and used in MC-based
scoring. Table 2 presents these strengths for the ten previously
watched movies.
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Table 2. Weighted node strengths of previously watched movies

Movie Node Value
Toy Story 31
Jumanji 34
Grumpier Old Men 35
Waiting to Exhale 35
Father of the Bride Part Il 33
Heat 32
Sabrina 26
Tom and Huck 39
Sudden Death 37
GoldenEye 28

After constructing the viewing-history graph, the
movies_metadata dataset of 45,571 records was loaded, and
unwatched movies were evaluated as candidates:

1. Each candidate was temporarily added and connected to
previously watched movies through positive-weight edges
based on shared attributes.

2. The candidate’s and its neighbors’ weighted strengths
were calculated, and its MC score was stored.

3. The candidate and its edges were removed, restoring the
original graph.

Candidates were ranked by descending MC scores, and
the top ten were recommended. Figure 1 illustrates graph
construction and candidate evaluation.
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Father of the Bride Part Il

ingta Exhale

Jumanji
sudden Death
Sabring
Grumpier Old Men Y . '
by Stage 2: Construction of weighted
relationships among previously watched
Stage 1: Representation of previously movies

watched movies as nodes

Stage 4: Visualization of a recommended
Stage 3: Temporary addition of a candidate ~ M©Vie and its connections to previously

movie to the viewing-history graph watched movies

Figure 1. Weighted graph construction and candidate evaluation
for MC-based movie recommendations

3.1. Application of the MC in Movie
Recommendation Systems

MC evaluates nodes using their degrees relative to those
of their neighbors and has been applied to graph optimization
problems (Yakut et al., 2023a, 2023b). Building on Ozavci Sahin
and Yakut (2023), this study replaces degree with weighted node
strength. Previously watched movies form a graph weighted by
shared attributes. Each unwatched candidate is temporarily
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added, connected through positive-weight edges, and scored
using its strength relative to those of its neighbors.

Let u denote the target user, ¢ a candidate movie, and MC,,
the augmented graph obtained by adding c to the user’s viewing-
history graph. The weighted strength of a movie node v in G_is
defined as the sum of the weights of its incident edges:

)= Y ww2) (1)

ZENGC(D")

Here, v and z represent movie nodes, N;_(v) denotes the
set of nodes directly connected to v in G, and w(v,z) denotes the
edge weight calculated from the shared attributes of movies v and
z. Consequently, s;_(v), represents the aggregate weight of the
connections associated with v, rather than its number of
neighbors. When a candidate movie is added, the strengths of its
connected neighbors are also updated to include the newly
established edges.

The MC-based recommendation score of candidate movie
c for user u is calculated as follows:
SGC(U)

Sé, )

MCu(xi) =

veNg, (V)

(2)

In Equation (2), Ng (v denotes the set of previously

watched movies connected to the candidate, while MC, (c)
represents its user-specific recommendation score. The MC score
sums the ratios of the candidate’s weighted strength to those of its
neighbors; unconnected candidates receive zero. After scoring,
the candidate and its edges are removed to restore the original
graph. All candidates are ranked by descending MC scores, and
the top ten are recommended.

Algorithm 1 constructs a weighted graph from previously
watched movies using shared attributes. Each candidate is
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temporarily added, scored by summing its strength-to-neighbor-
strength ratios, and removed, ensuring independent evaluation
against the same viewing-history graph.

Algorithm 1. Pseudocode for MC-Based Movie Recommendation

1. Input:
U = set of user movies
E = set of Excel movies (candidate movies)
2. Output:
MC score for each candidate movie
3. BuildGraph(G, U){ // create base graph from user movies
4. Foreach movieminU
5 AddNode(G, m)
6.  For each pair (m1, m2) in U
7 w <- CalculateEdgeWeight(m1, m2)
8 If w > 0 then AddEdge(G, m1, m2, weight=w)
9. retunG
10.}
11. CalculateEdgeWeight(m1, m2){ // similarity-based weight
12. weight<-0
13.  If ml.year = m2.year then weight++
14.  weight <- weight + |genres (m1) N genres (m2)|
15.  If /ml.duration - m2.duration| < 10 then weight++
16.  If ml.country = m2.country then weight++
17.  If ml.language = m2.language then weight++
18.  return weight
19.}
20. NodeWeight(G, node){
21.  return sum(edge.weight for edges of node)
22.}
23. MalatyaCentrality(G, node){ // proposed centrality measure
24.  d_vi <- NodeWeight(G, node)
25.  For each neighbor vj of node
26. d_vj <- NodeWeight(G, vj)

27. If d_vj > 0 then score <- score + (d_vi/ d_vj)
28.  return score
29.}

30. MainAlgorithm(U, E){

31. G <-BuildGraph(G, U)

32.  Foreach movieminE

33. AddNode(G, m)

34. For each node nin U

35. w <- CalculateEdgeWeight(m, n)
36. If w > 0 then AddEdge(G, m, n, weight=w)
37. malatya <- MalatyaCentrality(G, m)
38. Print(m, malatya) // output result
39. VisualizeGraph(G, highlight=m)
40. RemoveNode(G, m)

41.  EndFor

42.  return Results

43.}

44. End
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3.2. Application of Jaccard Similarity in Movie
Recommendation Systems

Jaccard similarity measures the overlap between two sets of
movie attributes. Let (A) and (B) represent the attribute sets of two
movies. Their similarity is calculated as the number of shared
elements divided by the number of distinct elements in their union:

|AN B|

J(A.B) = 552 (3)

Here, ANB denotes the number of attributes shared by both
movies, whereas AUB |) denotes the total number of distinct
attributes across the two sets. Attribute values are represented as
feature-specific elements, such as genre—comedy or language-
English. The similarity score ranges from 0 to 1, with higher values
indicating greater overlap.

Each candidate’s Jaccard similarities with neighboring
movies in the viewing-history graph are summed to obtain its
recommendation score. Candidates are ranked by descending
scores, and the top ten are recommended.

3.3. Application of Cosine Similarity in Movie
Recommendation Systems

Cosine similarity compares movie feature vectors, with
categorical attributes numerically encoded in a shared feature
space. Let x, and x;denote the feature vectors of movies A and B,
respectively. Their cosine similarity is defined as:

CosSim(A, B) = —AX8_(4)

||XA||Z”XB”2
Here, x,.x, denotes the dot product of the two vectors,
while |ix,I, 11xs11.denote their Euclidean norms. For nonzero

vectors, cosine similarity ranges from —1 to 1; when all feature
values are nonnegative, it ranges from 0 to 1. Higher values
indicate greater alignment between the movie feature vectors.
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Each candidate’s cosine similarities with neighboring
movies in the viewing-history graph are summed to obtain its
recommendation score. Candidates are ranked by descending
scores, and the top ten are recommended..

3.4. Application of Pearson Correlation in Movie
Recommendation Systems

Pearson correlation assesses the linear similarity between
candidate and previously watched movies, ranging from —I
(perfect negative correlation) to 1 (perfect positive correlation),
with 0 indicating no linear correlation. Movie attributes,
including categorical features, are numerically encoded in a
shared feature space.

Let x, = (x41, - xap) AN x5 = (x5, .. x5,) denote the feature
vectors of movies A and B, respectively, where p is the number
of vector components. Pearson correlation is calculated as
follows:

Z?:1(XA.1' - )_CA)(xB,i - "_CAB)
3o~ %) [0, Gt~ an’
Here, x,; and x;;denote the values of the (i)th feature
components, while x, and X, represent the mean component values

of the respective vectors. The coefficient therefore compares the
feature vectors after centering each vector around its mean.

r(4,B) = 5)

Each candidate’s Pearson correlations with neighboring
movies in the viewing-history graph are summed to obtain its
recommendation score. Candidates are ranked by descending scores,
and the top ten are recommended.

4. EXPERIMENTAL RESULTS

The MC-based method was compared with Jaccard
similarity, cosine similarity, and Pearson correlation using the
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movies_metadata dataset of 45,571 records. Previously watched
movies formed a weighted graph based on shared attributes, with
node strengths calculated from incident edge weights. The
methods’ top-ten rankings were examined for candidate
collections of 10 movies, 100 movies, and the full dataset.

For the ten candidates (Table 3), MC and Jaccard ranked
The American President, Money Train, and Balto identically,
while differing in the positions of several other movies. Cosine
and Pearson produced identical rankings, placing Cutthroat Island
first, compared with seventh under MC and sixth under Jaccard.
Since every list contained the same ten movies, these results
demonstrate differences in ordering rather than selection.

Table 3. Rankings Produced by the Four Recommendation
Methods for 10 Candidate Movies

MC Jaccard Kosinis Pearson
1 The American The American Cutthroat Island Cutthroat Island
President President
2 Money Train Money Train The American The American
President President
3 Ace Ventura: Four Rooms Money Train Money Train
When Nature Calls
4 Four Rooms Ace Ventura: Four Rooms Four Rooms
When Nature Calls
5 Balto Balto Sense and Sense and
Sensibility Sensibility
6 Nixon Cutthroat Island Ace Ventura: Ace Ventura:
When Nature Calls ~ When Nature Calls
7 Cutthroat Island Sense and Dracula: Dead and Dracula: Dead and
Sensibility Loving It Loving It
8 Sense and Nixon Balto Balto
Sensibility
9 Dracula: Dead and  Dracula: Dead and ~ Casino Casino
Loving It Loving It
10 Casino Casino Nixon Nixon

For the 100 candidates (Table 4), MC and Jaccard shared
eight top-ten recommendations, with The Big Green ranked first
by both methods. Other shared movies differed in position, while
MC uniquely selected To Die For and Get Shorty, and Jaccard
selected Mighty Aphrodite and Friday.

266



Bilgisayar Bilimleri ve Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Cosine and Pearson produced identical top-ten rankings,
with no overlap with either MC or Jaccard. These differences
illustrate the influence of the scoring method on recommendation
selection, but rankings alone cannot establish which method
better reflects user preferences.

Table 4. Top-10 Recommendations Produced by the Four
Methods for 100 Candidate Movies

Proposed Method Jaccard Kosinus Pearson
(MC)
1 The Big Green The Big Green Once Upon a Once Upon a
Time... When We Time... When We
Were Colored Were Colored
2 To Die For The American Taxi Driver Taxi Driver
President
3 Now and Then Clueless Georgia Georgia
4 The American Home for the How To Make An How To Make An
President Holidays American Quilt American Quilt
5 Clueless Kicking and Things to Do in Things to Do in
Screaming Denver When Denver When
You're Dead You're Dead
6 Home for the It Takes Two Restoration Restoration
Holidays
7 Kicking and Mighty Aphrodite Leaving Las Vegas Leaving Las Vegas
Screaming
8 It Takes Two Friday Beautiful Girls Beautiful Girls
9 Money Train Now and Then The Juror The Juror
10 Get Shorty Money Train Angels and Insects Angels and Insects

For the full dataset (Table 5), MC and Jaccard shared only
The Big Green and Operation Dumbo Drop, ranked first and
second under MC but sixth and seventh under Jaccard,
respectively.

Cosine and Pearson selected the same ten movies,
differing only in fourth and fifth positions. Neither list overlapped
with MC or Jaccard, highlighting distinct recommendation
outputs across the scoring methods.
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Table 5. Top 10 Recommended Movies Based on the Application
of Four Methods

MC Jaccard Kosinis Pearson
1  TheBig Green Bye Bye Love Crooklyn Crooklyn
2 Operation Dumbo Nine Months I'll Do Anything I'll Do Anything
Drop
3 Bushwhacked Something to Talk The Philadelphia The Philadelphia
About Story Story
4 Congo To Wong Foo, Daylight Once Upon a
Thanks for Time... When We
Everything! Julie Were Colored
Newmar
5 Fall Time Tommy Boy Once Upon a Daylight
Time... When We
Were Colored
6  ToDieFor The Big Green Little Women Little Women
7 A Goofy Movie Operation Dumbo Only You Only You
Drop
8 First Knight The American The Manwithouta  The Man without a
President Face Face
9 Far from Home: The  Clueless Rudy Rudy
Adventures of
Yellow Dog
10  Hackers Home for the Kim Kim
Holidays

The scoring method affects recommendation rankings and
selection. MC-Jaccard overlap decreases with larger candidate
collections, while cosine and Pearson remain closely aligned.
Further evaluation using held-out user preferences and
computational measurements is needed to assess accuracy and
efficiency.

5. DISCUSSION AND FINDINGS

The results show that the scoring method affects both
recommendation ordering and selection. MC and Jaccard shared
eight top-ten movies for 100 candidates, but only two for the full
dataset. This reduced overlap indicates different recommendation
behavior as the candidate collection expands; it does not establish
which method provides better recommendations.

These differences reflect the scoring mechanisms. Jaccard
measures attribute overlap, whereas MC evaluates a candidate’s
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weighted strength relative to those of its neighbors, incorporating
relationships within the viewing-history graph. Lower-strength
neighbors contribute larger ratios for a fixed candidate strength.
Explaining specific ranking differences, however, requires
examining the corresponding edge weights and node strengths.

Cosine and Pearson produced identical rankings for the
smaller collections and nearly identical rankings for the full
dataset. This agreement may reflect the feature representation, but
it does not imply identical scores or values close to one. Feature
encoding, scaling, and score distributions require further
examination.

Evaluating candidates through temporary insertion and
removal avoids constructing a graph for the entire catalog,
although all eligible candidates are still assessed. Since the study
reports neither held-out user evaluations nor runtime and memory
benchmarks, its findings characterize ranking behavior.

6. CONCLUSION AND FUTURE STUDY

This study examined MC-based movie recommendation
using a weighted viewing-history graph, where shared attributes
defined edge weights and node strengths determined candidate
scores. Candidates were temporarily inserted, evaluated, and
removed individually.

Using 45,571 movie records, MC rankings were compared
with Jaccard, cosine, and Pearson. MC-Jaccard top-ten overlap
decreased to two movies for the full dataset, while cosine and
Pearson remained closely aligned. These findings demonstrate
differences in ranking behavior without establishing superior
accuracy or computational efficiency.

Future work should include multi-user evaluation with
held-out preferences, runtime and memory measurements, and
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comparisons with weighted-strength scoring. Feature ablation
and weighting experiments could further clarify MC’s
contribution to recommendation.
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