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MODIFIED WITH WASTE ENGINE AND INDUSTRIAL OILS

*Giilsah OZ KICI'®, Mehmet SALTAN'

ISiileyman Demirel University, Faculty of Engineering and Natural Sciences, Department of Civil
Engineering, Isparta

(Gelis/Received: 22.05.202, Kabul/Accepted: 27.05.2025, Yayinlanma/Published: 30.06.2025)

ABSTRACT

The modification of bitumen with waste oils encourages the transition5 to sustainable production and consumption
strategies by increasing resource efficiency and reducing environmental impacts. In this study, bitumen was
modified with waste engine oil (WEO) and waste industrial oil (WIO) at the rate of 2%, 2.5%, 3%, 3.5%, and 4%
by weight to increase resource efficiency and contribute to sustainable transportation. Physical tests (penetration,
softening point, penetration index, rotational viscometer) were applied to the oil modified bitumens, and the
chemical composition of the bitumen as a result of the modification was examined using FTIR, SEM, and EDS
analyses. Results indicate that modified bitumens exhibit superior performance in cold climate regions. The
modification of 4% WIO and WEO into bitumen reduced the mixing temperature by 3.5% and 5%, respectively,
and the compaction temperature by 5% and 10%, respectively. The findings of the study indicate that WIO and
WEO can be used in bitumen modification to improve its performance. This study contributes to sustainable
production practices by not only utilizing waste materials in a sustainable manner but also reducing the
environmental impacts of industrial processes.

Keywords: Sustainability, Bitumen, Waste engine oil, Waste industrial oil.

ATIK MOTOR VE ENDUSTRIYEL YAGLAR iLE MODIFiYE EDIiLMi$ BITUMUN
FiZiKSEL VE KIMYASAL OZELLIiKLERININ INCELENMESI

(074

Bitiimiin atik yaglar ile modifikasyonu, kaynak verimliligini artirarak ve ¢evresel etkileri azaltarak siirdiiriilebilir
iiretim ve tiiketim modellerine gecisi tesvik etmektedir. Bu c¢aligmada, kaynak verimliligini arttirmak ve
stirdiiriilebilir ulagima katki saglamak amaciyla bitiim agirlik¢a %2, %2.5, %3, %3.5 ve %4 oranlarinda atik motor
yag1 (AMY) ve atik endiistriyel yag (AEY) ile modifiye edilmistir. Modifiye edilen bitlimlere fiziksel deneyler
(penetrasyon, yumugsama noktasi, penetrasyon indeksi, donel viskozimetre) uygulanmis ve modifiye bitiimlerin
kimyasal icerigi FTIR, SEM ve EDS analizleri ile incelenmistir. Calisma sonucunda, modifiye edilen bitiimlerin
hava sicakligiin diisiik oldugu boélgelerde kullaniminin daha uygun olacagi tespit edilmistir. AEY ve AMY ile
%4 oraninda modifiye edilen bitiimlerin karigtirma sicaklig sirastyla %3.5 ve %5 oraninda azalirken, sikistirma
sicakligi ise %5 ve %10 oraninda azalmistir. Calismadan elde edilen sonuglara gére AEY ve AMY ’lerin bitiim
performansini arttirmak amaciyla bitim modifikasyonunda kullanilabilecegi gosterilmistir. Bu ¢alisma, atik
malzemelerin siirdiiriilebilir bir sekilde kullanilmasinin yani sira endiistriyel siireclerin gevresel etkilerini azaltarak
stirdiirtilebilir iiretim uygulamalarina katkida bulunmaktadir.

Anahtar Kelimeler: Siirdiiriilebilirlik, Bitiim, Atik motor yagi, Atik endiistriyel yag.
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1. Introduction

Bituminous binders used in hot mix asphalt (HMA), which exhibit high thermal sensitivity, suffer
various thermal changes during the road construction process. In addition, due to the harsh
environmental effects and variable traffic loads they are subjected to throughout their service life,
changes occur in the properties of bituminous binders both during the construction and use of HMA [1].
This phenomenon, referred to as the aging of the bituminous binder, causes the binder to gradually lose
its volatile components and fail to perform as expected [2]. The aging of bituminous binders is also one
of the reasons for the deterioration that may occur in the pavement layer [3].

Bituminous binder modification is carried out to enhance the resistance of pavement layers to
temperature fluctuations, reduce cracking and deformation to ensure longer service life, increase skid
resistance to improve safety, provide protection against environmental impacts, and promote the use of
recyclable materials, thereby contributing to environmental sustainability [4].

The use of waste oil in bitumen modification contributes to environmental sustainability [5] while
improving the rheological properties and temperature resistance of bitumen, offering a cost-effective
solution, enhancing crack and deformation resistance, and facilitating the application process by
ensuring mixture homogeneity. Various studies have been conducted considering these effects. The
results have shown that bitumen modified with waste engine oil exhibits lower thermal sensitivity,
viscosity, and rutting resistance but higher fatigue resistance and temperature sensitivity [6,7]. In their
study, Yal¢in and Yilmaz [8] aimed to evaluate the physical, mechanical, and rheological properties of
waste oil (WO) modification. It was determined that the viscosity and softening point of bituminous
binders decreased, while the penetration value increased when modified using waste engine oil and
waste vegetable oil. Additionally, as the additive content increased, the complex modulus values
decreased for both WO modifications, and the increase in phase angle indicated that the binders
exhibited a more viscous behavior. The use of filtered waste engine oil resulted in a 35% reduction in
binder hardness compared to base bitumen after short-term aging [9]. In their study, Sani et al. [10]
investigated the use of waste engine oil in warm mix asphalt. The performance of modified bitumen
(MB), obtained using different percentages of waste engine oil, was evaluated in terms of penetration,
softening point, Marshall stability, flow, and stiffness. The results indicated that waste engine oil
modification could improve the performance properties of Warm Mix Asphalt, such as stability, flow,
and stiffness, while also having a positive effect on penetration and softening point.

Furthermore, in various studies, the combined effects of using waste engine oil alongside different
modifiers have been investigated. In their study, Liu, Li, and Wang [11] utilized waste engine oil and
polyphosphoric acid for bitumen modification. It was observed that the combined modification
improved binder properties, such as rutting resistance and temperature stability, which were weakened
by WO modification alone. A mere 2% polyphosphoric acid modification was found to enhance the
rutting factor obtained from DSR analysis by 31.2% compared to base bitumen. To enhance the
beneficial effects of waste engine oil, phosphogypsum waste was used in bituminous binder
modification, demonstrating superior performance in terms of high-temperature deformation resistance,
low-temperature crack resistance, and moisture sensitivity [12]. Based on performance test results
regarding high-temperature stability, low-temperature crack resistance, and fatigue life, the optimal ratio
for the modified asphalt binder was determined to be 2% waste engine oil and 5% phosphogypsum. The
combined use of waste engine oil and SBS resulted in a MB with improved fatigue crack resistance and
rutting resistance [13]. The combined use of waste vehicle lubricants and waste polymers was found to
enhance high-temperature stability and creep resistance [14].

In road construction, the use of different types of waste oils is recommended to reduce the stiffening
effect of Reclaimed Asphalt Pavement. Studies conducted for this purpose have shown that waste engine
oils can be used as rejuvenating agents in mixtures containing reclaimed asphalt, with notable
improvements in moisture sensitivity and stability [ 15-18]. Additionally, it has been observed that waste
engine oils enhance low-temperature properties [19,20]. The similar chemical structure of waste engine
oil and asphalt materials allows the recovery of components lost during asphalt aging through waste
engine oil modification, thereby improving the properties of aged asphalt in both binder and mixture
forms [21-24]. The rejuvenation of Reclaimed Asphalt Binder using waste industrial oil, specifically
waste steel rolling oil, has been investigated, showing increased resistance to moisture sensitivity and
the ability to reverse aging effects [25].
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This study aims to comprehensively evaluate the potential of using waste motor and industrial oils in
the modification of bitumen through a combination of physical and chemical analyses. The investigation
will focus on assessing the influence of waste oil additives on key engineering properties of bitumen,
with particular emphasis on penetration, softening point, and viscosity, using quantitative data. In
addition, the chemical composition of the waste oils and their interactions within the bituminous matrix
will be examined to determine their impact on structural integrity and overall material performance. The
experimental results will be systematically compared with findings from the existing literature,
providing a critical assessment of the viability of WO modification as a sustainable approach to material
enhancement and environmental impact reduction.

2. Material and Method

2.1. Bitumen
In the study, AC 50-70 grade bitumen supplied from the Isparta Municipality Asphalt Plant was used.
Standard performance tests were conducted on the bitumen, and the values obtained from these tests are

presented in Table 1.

Table 1. Properties of asphalt binder

Properties Standard Unit Results
Penetration (25 °C) TS EN 1426 [26] 0.1 mm 50.48
Softening Point TS EN 1427 [27] °C 47.7
Ductility (5cm/min) TS EN 13589 [28] cm >100
Specific Gravity TS 15326+A1 [29] g/cm’ 1.005

2.2. Waste oil

Used industrial or motor oils are oils that have been refined from crude oil and, after a certain period of
use in industrial or non-industrial applications, particularly for lubrication purposes, lose their original
properties. Used vehicle oils (consisting of gasoline engine, diesel engine, transmission and differential,
drivetrain, two-stroke engine, hydraulic brake, antifreeze, grease, and other specialized vehicle oils);
industrial oils (including hydraulic systems, turbine and compressor, slideway, open-closed gear,
circulation, metal cutting and processing, metal drawing, textile, heat treatment, heat transfer, insulation
and protective, rust and corrosion, insulation, transformer, mold, steam cylinder, pneumatic system
protective, food and pharmaceutical industry, general-purpose, paper machine, bearing, and other
specialized industrial oils and industrial greases); special preparations (thickeners, protectants, cleaners,
and similar); and contaminated oil products are included in this definition.

Used industrial or motor oils contain various chemical compounds and additives that degrade over time,
leading to a significant environmental burden if improperly disposed of. Due to their complex
composition and potential toxicity, the recycling and reutilization of waste oils have gained considerable
attention in recent years. In particular, incorporating these waste oils as modifiers or rejuvenators in
bituminous materials presents a sustainable approach to both managing waste and enhancing the
performance of asphalt binders.

According to 2023 data in Turkey, 318 thousand tons of vehicle oil were supplied to the market, with
the potential amount of waste motor and transmission oil estimated to be 190 thousand tons. However,
in 2023, only 1,731 tons of waste motor and transmission oil were collected by PETDER (Petroleum
Industry and Emobility Association) [30].

Within the scope of the study, the industrial and motor waste oil groups to be used were obtained from
Ac16z Petrol Hurdacilik Nakliye Demir Uriinleri San. ve Tic. Ltd. Sti., located in the Selguklu district
of Konya province. The waste oil groups used in the study, namely industrial waste oil and motor waste
oil, are shown in Figure 1.
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a b
Figure 1. Waste industrial oil (a), Waste engine oil (b)

In the study, the waste industrial and engine oils used were subjected to elemental analysis using the
Rotating Disc Electrode Opical Emission Spectrometry (RDE-OES) method (ASTM D6595) (Table 2).

Table 2. The elemental analysis results of the waste industrial and engine oils

Unit Calcium (Ca) Phosphorus (P) Zinc (Zn) Ferro (Fe)

Waste Industrial Oil 311 181,86 200.6 9.46
Waste Engine Oil gike 1769.5 847.47 509,79 209,64

2.3. Preparation of Modified Bitumen

For bitumen modification, the bitumen was heated to approximately 145+5 °C, and waste oil from each
group was added at weight percentages of 2%, 2.5%, 3%, 3.5%, and 4%. The heated bitumen and waste
oil were then transferred to a high-speed mixer mold preheated to 140+5 °C. The high-speed mixer,
operating at 1000 rpm, was run for half an hour to ensure a homogeneous mixture of the bitumen and
waste oil groups.

Within the scope of the study, the abbreviations for the waste oil groups used in bitumen modification
at various weight percentages are provided in Table 3.

Table 3. The abbreviations for the waste oil groups

Percentages
0 %2 %2.5 %3 %3.5 %4
Waste Industrial Oil 12 12.5 13 3.5 14
Waste Engine Oil E2 E2.5 E3 E3.5 E4

The effects of changes in the additive and mixture parameters on the properties of bitumen were
determined through Penetration (TS EN 1426), Softening Point (TS EN 1427), and Rotational
Viscometer (ASTM D 4402) tests [31], and Penetration Index Analysis was conducted. Additionally,
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), and Energy
Dispersive Spectroscopy (EDS) analyses were performed on the MB, and the chemical structure of the
bitumen was compared with that of base bitumen.

3. Results and Discussion

To investigate the effect of using waste engine and industrial oils in bitumen modification on binder
consistency, penetration and softening point tests were conducted first. The results of the penetration
test are presented in Figure 2. The increase in penetration value with the rise in waste oil percentage
indicates that the MB has transitioned to a softer consistency. According to the penetration results, MB
containing 2% by weight of waste oil from each oil group remained within the pure bitumen grade
(50/70). Additionally, the specimen 12.5 also stayed within the 50/70 penetration grade. The increase in
penetration value with the rise in waste oil percentage suggests that the MB has become softer. Based
on these findings, it is concluded that the MB obtained through bitumen modification with each waste
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oil group can be used in cold climate regions. Cold climate bitumens are primarily used in regions
exposed to low temperatures, such as highways, roads in mountainous areas, airport runways, and urban
roads. These bitumens provide resistance to thermal stresses due to their formulations characterized by
high penetration values and low softening points, which enhance their crack resistance. Furthermore,
their elastic structure ensures durable performance against frost, icing, and temperature fluctuations.

The physical properties of bitumen intended for use in cold climate conditions play a crucial role in
maintaining flexibility at low temperatures and preventing thermal cracking. To this end, bitumens with
high penetration values (e.g., 100—150) are typically preferred, as their softness contributes to enhanced
elasticity under freezing conditions [32]. Similarly, the softening point of these bitumens is kept
relatively low (approximately 35—45 °C), allowing the material to remain workable without becoming
brittle [33]. Furthermore, the rotational viscosity at 135 °C is generally limited to below 3000 cP to
ensure sufficient workability during production and application phases [34]. Optimization of these
parameters enables the material to meet the specific mechanical and environmental demands of cold
climate pavements. Recent studies suggest that WO modification may also serve as a promising
alternative for enhancing bitumen performance in cold regions. The incorporation of waste lubricating
oils has been found to improve low-temperature flexibility and reduce the brittleness of bitumen,
offering an environmentally sustainable and economically viable solution for cold climate applications.

120.000
100.000
80.000
60.000

40.000

Penetration (0.1 mm)

20.000

0.000
%2 %2.5 %3 %3.5 %4

Additive Ratios

mm [ndustrial ~— === Engine Base Bitumen

Figure 2. Penetration test results

According to the data obtained from the experimental study, it is observed that bitumen modified with
2.5% by weight of waste oil from each waste oil group has a softening point similar to that of base
bitumen (Figure 3). Additionally, in general, the softening points of waste 0il-MB are lower compared
to base bitumen. As the percentage of waste oil by weight increases, a decrease in the softening point
value is observed. The suitability of bituminous binders for specific regions can be inferred based on
their softening points. Accordingly, it is concluded that bitumen modifications using waste oil are
suitable for use in cold climate regions.

In their study, Gokalp et al. [35] a 2% WO modification resulted in a 12.6% increase in the penetration
value compared to base bitumen, while a 4% modification yielded a 33.5% increase. Regarding the
softening point, the changes were recorded as a 9.2% decrease for the 2% modification level and an
18.4% decrease for the 4% modification level relative to the base bitumen. In this study, a 2% WO
modification resulted in a 45.4% increase in the penetration value compared to base bitumen, while a
4% modification led to a 96.2% increase. As for the softening point, a 2% modification showed a 4.61%
increase relative to the base bitumen, whereas a 4% modification resulted in a 1.7% decrease.
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Figure 3. Softening point test results

To determine the temperature sensitivity of bituminous binders, various methods and indices are used.
One of these is the penetration index. The calculation of the index utilizes the penetration value and

softening point value of the bituminous binder. The penetration index values were calculated using the
Equation 1 [36].

(20-PI)/(10+PI) = 50.[ log(800) - log(Pen) / (TRB-25)] (1)

In this equation, Pen 25 °C represents the penetration value at 25°C, and TRB denotes the softening
point. According to the obtained data, the penetration index value for each waste oil group modification
falls within the expected range (Figure 4). In particular, it has been observed that the temperature
sensitivity of pure bitumen is improved through WO modification.

%2 %2.5 %3 %3.5 %4
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Figure 4. Penetration index results

To determine the mixing and compaction temperatures of the bituminous binders used in the study, a
rotational viscometer test was conducted at two different temperatures: 135°C and 165°C. According to
the results, the lowest mixing and compaction temperatures were observed at a 4% additive ratio for
both waste oil group modifications. The lowest mixing and compaction temperatures were found in the
E4 bituminous binder (containing 4% waste engine oil). As shown in Figures 5 and 6, the mixing

*Corresponding Author: gulsahozkici@gmail.com 6


https://doi.org/10.62301/usmtd.1704012
mailto:gulsahozkici@gmail.com

Uluslararas: Siirdiirtilebilir Miihendislik ve Teknoloji Dergisi ISSN: 2618-6055 /9, (1), 1 — 13,2025

International Journal of Sustainable Engineering and Technology DOI:10.62301/usmtd.1704012

temperature for pure bitumen is 162.8°C, and the compaction temperature is 154.8°C. As seen in Figure
5, the mixing temperatures for waste industrial oil modification are 161.2°C for 12, 159°C for 12.5,
158.9°C for 13, 158.3°C for 13.5, and 157.6°C for 14. Similarly, the compaction temperatures are
151.9°C for 12, 149.8°C for 12.5, 148.6°C for 13, 147.5°C for 3.5, and 146.8°C for I4.

Viscosity (Pa.s)
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Figure 5. Rotational viscometer values for waste industrial oil modification

As shown in Figure 6, the mixing temperatures for waste engine oil modification are 160.3°C for E2,
158.2°C for E2.5, 157.1°C for E3, 156°C for E3.5, and 155.1°C for E4. The compaction temperatures
are 147.8°C for E2, 144.5°C for E2.5, 142.5°C for E3, 141.8°C for E3.5, and 139.4°C for E4. For the
highest additive ratio of 4% in waste industrial oil modification (I4), the mixing temperature decreased
by approximately 3.5%, and the compaction temperature decreased by approximately 5%. In waste
engine oil modification, for the highest additive ratio of 4% (E4), the mixing temperature decreased by
5%, and the compaction temperature decreased by 10%. When evaluating all WO modifications, the
lower mixing and compaction temperatures indicate improved workability compared to pure bitumen.
The increased workability allows for pavement production and construction activities at lower
temperatures, reducing the cost of pavement construction and energy consumption through the
modification of bituminous binders with waste oils.
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Figure 6. Rotational viscometer values for waste engine oil modification

To determine the chemical structure of the bituminous binders used in the study, FTIR analysis was
performed using the JASCO FT/IR-4700 device. The FTIR analysis was conducted in the mid-infrared
region (7800-350 cm™) at room temperature, within a wavenumber range of 400-4000 cm™, using the
FT/IR-4700 device with a resolution higher than 0.4 cm™. The analysis was completed by measuring
the spectrum against percent transmittance and absorbance. FTIR analysis was applied to pure bitumen
and the MB samples with the lowest and highest weight percentages for each waste oil group, namely
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12, 14, E2, and E4. As shown in Figure 7, the bituminous binders modified with 2% and 4% waste
industrial oil exhibit similar and symmetrical transmittance peaks compared to base bitumen.
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Figure 7. FTIR spectra of waste industrial oil modification

In Figure 8, the bitumen modified with 2% and 4% waste engine oil shows similar and symmetrical
characteristics to base bitumen. Based on the evaluation of the FTIR analysis results, it is observed that
waste industrial and engine oil modifications are compatible with the bituminous binder. There is no
change in the chemical structure of the MB, indicating that the WO modification results from a physical
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Figure 8. FTIR spectra of waste engine oil modification

To determine the morphological properties of the pure and waste oil-modified bituminous binders used
in the study, SEM analysis was performed using the FEI Quanta FEG 250 electron microscope.
Additionally, to determine the elemental analysis values of the bituminous binders used in the study,
EDS analysis was conducted using the EDAX/EDS detector integrated into the SEM device. The results
of the SEM and EDS analyses were presented together on a single figure for each bituminous binder
and evaluated collectively. Within the scope of the study, the data obtained from the RDE-OES
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elemental analysis applied to waste industrial and engine oils align with the results of the EDS analysis.
When the obtained data are evaluated, it is observed that the WO modification occurred homogeneously.

According to the SEM image shown in Figure 9, the surface morphology of the base bituminous binder
exhibits a uniform and homogeneous structure.

ELEMENT WEIGHT (%) ATOMIC (%)

C (Carbon) 9155 9497

O (Oxygen) 44 34

S (Sulphur) 37 14

Figure 9. SEM images (A) and EDS analysis results (B and C) of base bitumen

As shown in the SEM image in Figure 10, the surface morphology of the 12 sample exhibits noticeable
changes when compared to that of the base bitumen.

ELEMENT WEIGHT (%) ATOMIC (%)
C (Carbon) 9194 95,51
O (Oxygen) 338 2,63
S (Sulphur) 423 164
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Figure 10. SEM images (A) and EDS analysis results (B and C) of 12

According to the SEM image presented in Figure 11, a distinct pattern formation is observed on the
surface morphology of the 14 sample. It has been noted that the pattern becomes more pronounced with
the increase in the modification ratio of the waste industrial oil. Furthermore, the waste industrial oil
appears to be uniformly dispersed within the bituminous binder without causing any agglomeration.
According to the EDS results for sample 14 in Figure 11, different elements that are not present in the
structure of base bitumen are observed. The obtained results are in agreement with the findings from the
RDE-OES method conducted in this study.
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ELEMENT WEIGHT (%) ATOMIC (%)
C (Carbon) 86,96 9144

O (Oxygen) 844 6,66

S (Sulphur) 331 131
Ca (Calcium) 032 0,10
Na (Natrium) 053 0,29

Si (Silisium) 014 0,06

o

* NS
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Figure 11. SEM images (A) and EDS analysis results (B and C) of [4

As shown in the SEM image in Figure 12, the surface morphology of the E2 sample exhibits noticeable
changes when compared to that of the base bitumen.

ELEMENT WEIGHT (%) ATOMIC (%)
C (Carbon) 58,88 93,69
O (Oxygen) 488 386
S (Sulphur) 517 204
Ca (Calcium) 0,65 021

Figure 12. SEM images (A) and EDS analysis results (B and C) of E2

According to the SEM image presented in Figure 13, a distinct pattern formation is observed on the
surface morphology of the E4 sample. It has been noted that the pattern becomes more pronounced with
the increase in the modification ratio of the waste engine oil. Furthermore, the waste engine oil appears
to be uniformly dispersed within the bituminous binder without causing any agglomeration.
Furthermore, comparative analysis demonstrated noticeable differences in the surface pattern formations
between waste industrial oil and waste engine oil. According to the EDS results for sample E4 in Figure
13, different elements that are not present in the structure of base bitumen are observed. The obtained
results are in agreement with the findings from the RDE-OES method conducted in this study.
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ELEMENT WEIGHT (%) ATOMIC (%)

C (Carbon) 628 63,51

O (Oxygen) 2104 2167

S (Sulphur) 316 162

Ca (Calcium) 1866 7.67

P (Phosphorus) 855 455

Ag (Argentum) 1 015

Mg (Magnesium) 024 016

Figure 13. SEM images (A) and EDS analysis results (B and C) of E4
4. Conclusion

The fact that sustainable transportation provides environmental and economic benefits forms the
cornerstone of this study. The analyses conducted with this focus aim to contribute to sustainable
development goals and guide future transportation strategies.

o]t is concluded that the MB obtained through WO modification can be used in cold climate regions.

*In particular, it has been observed that the temperature sensitivity of pure bitumen is improved through
WO modification.

*WO modification has increased the workability of the bituminous binder. Thus, working at lower
temperatures will reduce pavement construction costs and energy consumption.

*When the elemental analysis results are evaluated, it is observed that waste industrial and engine oil
modifications are compatible with the bituminous binder, and the modification process is a result of a
physical change.

*The study supports the suitability of using waste industrial and engine oils, which are difficult to store
and reuse, in bitumen modification.

In conclusion, the role of waste oils in bitumen modification holds significant potential for
environmental sustainability and asphalt performance improvements. The use of waste oils in the asphalt
industry not only contributes to solving environmental problems but also enhances the physical and
chemical properties of asphalt. Therefore, further research on the effects of waste oils in asphalt
modification will increase knowledge in this field and contribute to the development of sustainable
practices.

This study has yielded promising results regarding the use of waste o0il-MBs, particularly in asphalt
mixtures. The findings demonstrate the potential of waste oil additives to enhance the physical properties
of bitumen, indicating that such modifications may contribute significantly to sustainable material
applications. In light of these results, more comprehensive and long-term studies are planned,
particularly focusing on the rejuvenation of aged bitumens using waste oils. Such investigations could
provide substantial benefits by both reducing environmental waste and improving the performance of
pavement materials.
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Cagimizin dijital diinyasinda giivenligin temel unsurlarindan biri olarak kabul edilen kimlik dogrulama, bir
kullanicinin, uygulamanin veya cihazin gergek kimligini dogrulamak amactyla uygulanan bir siiregtir. Bu siireg,
yalnizca yetkili bireylerin veya hizmetlerin belirli kaynaklara ve verilere erismesini saglamak agisindan biiyiik
onem tasimaktadir. Kimlik dogrulama; parolalar (yalnizca kullanicinin bildigi bir sifre), biyometrik veriler (yiiz
tanima, parmak izi) veya giivenlik belirtecleri gibi ¢esitli yontemler kullanilarak gerceklestirilebilir ve boylece
sistemlerdeki erisim kontrol mekanizmalari etkin bir sekilde yonetilebilmektedir. Giinlimiizde kimlik dogrulama
stirecleri, giivenlik ve gizlilik agisindan biiyiik 6nem tasimaktadir. Geleneksel merkezi kimlik dogrulama
sistemleri, kullanici bilgilerini merkezi bir sunucuda saklayarak erisim yetkilendirme siireglerini yiiriitmektedir.
Ancak, bu sistemler tek bir giivenlik merkezi i¢erdiginden, veri ihlalleri ve siber saldirilara kars: risk altinda
olabilir. Buna karsilik, blokzincir destekli kimlik dogrulama sistemleri, merkezi bir otoriteye bagli olmadan kimlik
dogrulama siirecini yonetmektedir. Bu sistemler, dagitik bir ag tizerinde islem yaparak, her kullanici igin seffaf,
degistirilemez ve izlenebilir bir kayit defteri olusturmaktadir. Bu sayede verilerin giivenligini ve gizliligini
koruyarak islem yapmaktadir. Béylece hem veri ihlalleri hem de siber saldirilar gibi tehditlere kars1 daha dayanikli
bir giivenlik yapisi sunmaktadir. Bu calismada, geleneksel kimlik dogrulama sistemleri ile blokzincir destekli
¢oziimler mimari yapi, giivenlik, performans agisindan karsilastirilmistir. Elde edilen bulgular, her iki yontemin
avantajlart ve zorluklarimi ortaya koyarak, farkli kullanim senaryolari i¢in en uygun kimlik dogrulama modelini
belirlemeye yonelik oneriler sunmaktadir.

Anahtar kelimeler: Geleneksel Kimlik Dogrulama, Blokzincir Teknolojisi, Merkeziyetsizlik, Giivenlik,
Performans Karsilastirmasi.

BLOCKCHAIN-BASED AUTHENTICATION: AN ALTERNATIVE APPROACH TO
CENTRALIZED SYSTEMS

ABSTRACT

Authentication, considered one of the fundamental elements of security in the digital world of our age, is a process
applied to verify the true identity of a user, application, or device. This process is of great importance in ensuring
that only authorized individuals or services have access to certain resources and data. Authentication can be carried
out using various methods such as passwords (a secret known only to the user), biometric data (facial recognition,
fingerprints), or security tokens, thus allowing effective management of access control mechanisms in systems.
Nowadays, authentication processes are of great importance in terms of security and privacy. Traditional
centralized authentication systems manage access authorization processes by storing user information on a central
server. However, since these systems contain a single security center, they may be at risk of data breaches and

*Sorumlu Yazar/Corresponding Author: yangecdidem@gmail.com 14


https://doi.org/10.62301/usmtd.1691033
mailto:yangecdidem@gmail.com
https://orcid.org/0009-0003-4882-9934
https://orcid.org/0000-0001-6701-363X

Uluslararasi Siirdiiriilebilir Mithendislik ve Teknoloji Dergisi ISSN: 2618-6055 /9, (1), 14 — 24, 2025

International Journal of Sustainable Engineering and Technology DOI:10.62301/usmtd.1691033

cyber-attacks. In contrast, blockchain-based authentication systems manage the authentication process without
relying on a central authority. These systems create a transparent, immutable, and traceable ledger for each user
by operating on a distributed network. In this way, it operates while protecting the security and privacy of the data.
Thus, it offers a more resilient security structure against threats such as data breaches and cyber-attacks. In this
study, traditional authentication systems and blockchain-based solutions are compared in terms of architecture,
security and performance. The findings reveal the advantages and challenges of both methods and provide
recommendations for determining the most appropriate authentication model for different usage scenarios.

Keywords: Traditional Authentication, Blockchain Technology, Decentralization, Security, Performance
Comparison.

1. Giris (Introduction)

Kimlik dogrulama, bir kullanicinin iddia ettigi kimligin gergekten ona ait olup olmadigini dogrulama
siirecidir [1]. Gilinlimiizde bankacilik, saglik hizmetleri gibi birgok ¢evrimigi hizmetlerin
yayginlasmasiyla birlikte kimlik dogrulamanin énemi giderek artmaktadir. Ozellikle hassas verilerin
korunmasi ve yetkisiz erisimlerin 6nlenmesi i¢in gilivenilir kimlik dogrulama yontemleri kritik bir rol
oynamaktadir [2].

Kimlik dogrulama yontemleri, teknolojinin gelismesiyle birlikte farklilasmis ve daha giivenli hale
gelmistir. Bu baglamda, geleneksel kimlik dogrulama ve blokzincir destekli kimlik dogrulama en ¢ok
tartisilan yontemler arasinda yer almaktadir.

Geleneksel kimlik dogrulama yontemleri, genellikle kullanici adi ve sifre kombinasyonuna
dayanmaktadir. Bunun yaninda, iki faktorli kimlik dogrulama (2FA) ve ¢ok faktorlii kimlik dogrulama
(MFA) gibi ek giivenlik katmanlariyla da desteklenmektedir [3]. Sifre tabanli dogrulama, kullanicilarin
alisik oldugu basit, entegrasyonu kolay ve ekonomik bir yontemdir. Fakat sifre ¢calinmasi, tahmin
edilmesi veya yeniden kullanilmasi gibi riskleri tasimaktadir [4]. Geleneksel kimlik dogrulama
yontemlerinde kimlik bilgilerinin merkezi sunucularda saklanmasi, veri ihlalleri durumunda bu
bilgilerin toplu halde ele gecirilmesine neden olabilecek ciddi giivenlik agiklar1 dogurmaktadir [5].

Blokzincir teknolojisi, merkezi olmayan ve degistirilemez yapisiyla kimlik dogrulamada devrim
niteligindedir. Blokzincir destekli kimlik dogrulama, kimlik bilgilerini dagitik bir defterde saklayarak
giivenligi artirmakta ve veri bitiinligiini garanti etmektedir. Veriler, merkezi bir sunucuda
saklanmadigindan tek bir saldir1 noktasi yoktur. Tiim islemleri seffaf ve degistirilemez sekilde
kaydetmektedir. Ancak mevcut sistemlerle entegrasyonunun zor olmasi ve yiiksek maliyet gerektirmesi
nedeniyle uygulanmasi daha karmasiktir. islem dogrulama siiresi uzun olmasi ve dlceklenebilirlik
konusunda iyilestirme gerektirmektedir.

Kimlik dogrulama, bir kullanicinin dijital sistemlere erisimini saglamak i¢in temel bir giivenlik
mekanizmasidir. Bu alandaki yontemler, zaman iginde geliserek cesitli teknolojik diizeylere evrilmistir.
Geleneksel dogrulama yontemleri arasinda sifreler, akilli kartlar ve dijital sertifikalar gibi bilgiye dayal
dogrulama teknikleri 6ne ¢ikmaktadir. Lal vd. (2016), farkli dogrulama yontemlerini giivenlik diizeyleri
acisindan degerlendirmis ve ozellikle sifrelerin yiiksek kardinaliteye sahip olmasi gerektigini, akilh
kartlarin ise PIN ile desteklenmesi durumunda daha giivenli hale geldigini belirtmistir. Ayrica, dijital
sertifikalar ve ¢ok faktorlii kombinasyonlarm kullanimiyla gilivenlik diizeyinin artirilabilecegi
vurgulanmistir [6]. Biyometrik dogrulama ise fiziksel veya davramigsal Ozelliklere dayali olarak
kullanict kimligini belirlemeyi hedefler. Jain vd. (2004), biyometrik tanimlamanin geleneksel
yontemlere gore daha giivenli bir alternatif sundugunu ifade etmistir [7]. Amin vd. (2014) ise mobil
cihazlarda kimlik dogrulama konusunu ele alarak geleneksel ve biyometrik yontemlerin kullanimim
degerlendirmis, davranigsal biyometrinin (yazma ritmi, yiiriime tarzi gibi) maliyeti diisiiriip
kullanilabilirligi artirabilecegini, ancak kisiye 6zel varyasyonlarin zorluk olusturabilecegini belirtmistir.
Bu nedenle ¢cok modlu (multi-modal) sistemlerin gelistirilmesi gerektigi onerilmistir [8].

Wang vd. (2021), kimlik dogrulama sistemlerine yonelik saldir1 tiirlerini detayli sekilde inceleyerek,
mevcut savunma mekanizmalarinin yeterliligini degerlendirmistir. Bu ¢alismada 6zellikle parola tabanli
ve biyometrik sistemlerin saldirilara acgik oldugu vurgulanmis, savunma mekanizmalarinin
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gelistirilmesinin gerekliligi ortaya konmustur. Bu degerlendirme, ¢calismamizin ikinci faktor dogrulama
bilesenini gelistirirken giivenlik aciklarini dikkate almasi agisindan 6nemlidir [9].

Blokzincir teknolojisinin merkeziyetsiz, degistirilemez ve giivenilir yapisi, kimlik dogrulama alaninda
yenilik¢i ¢éztimler sunmaktadir. Khalid vd. (2020), IoT cihazlari i¢in hafif bir blokzincir tabanli kimlik
dogrulama mekanizmasi dnermis ve mevcut sistemlere gore daha iyi performans sundugunu gostermistir
[10]. Narayanan vd. (2022) da benzer sekilde IoT ortaminda giivenli veri paylagimi i¢in blokzincir
temelli bir model 6nermis ve zaman verimliligi, depolama alan1 ve islem hacmi acisindan basarili
sonuglar elde etmistir [11]. Zhao vd. (2020), dijital egitim sistemleri baglaminda blokzincir tabanli iki
faktorli kimlik dogrulama modeli gelistirerek, kimlik verilerinin merkezi olmayan sekilde
korunabilecegini gostermistir [12].

Blokzincirin ikinci faktdr dogrulama ile birlestigi diger bir uygulama alam1 da finans ve e-ticaret
sistemleridir. Mercan vd. (2021), kredi kart1 islemlerinde SMS dogrulama gibi ikinci faktor
yontemlerinin giivenligini artirmak i¢in blokzincir temelli bir yapi1 Onermistir. Bu yapi, hassas
dogrulama verilerinin ii¢iincii taraflarca manipiile edilmesini engellemeyi amaglamaktadir [13].

Toplumsal katilimin 6nemli bir alan1 olan elektronik oylama sistemlerinde de blokzincir ve ¢ok faktorlii
dogrulama kombinasyonlar1 kullanilmaktadir. Abayomi-Zannu vd. (2019), se¢men kimliginin
dogrulanmasinda blokzincir destekli ¢ok faktorlii bir sistem onererek, giivenli ve seffaf mobil oylama
gergevesi sunmustur [14].

Wanisha vd. (2024), blokzincir temelli ¢ok faktorlii kimlik dogrulama sistemlerinin gizlilik, giivenlik
ve kullanilabilirlik agisindan avantajlar sagladigini vurgulamistir. Ancak, bu sistemlerin hala olgunluk
asamasinda oldugu ve uygulama karmasiklig1 nedeniyle yaygin kullanim i¢in daha fazla gelistirilmesi
gerektigi belirtilmistir [15].

Literatiir incelendiginde, kimlik dogrulama sistemlerinin giivenligini artirmak amaciyla ¢ok faktorlii
dogrulama yontemlerinin giderek daha fazla benimsendigi goriilmektedir. Ayn1 zamanda blokzincir
teknolojisinin merkeziyetsiz yapi, seffaflik ve veri biitlinliigii gibi 6zellikleri sayesinde bu dogrulama
siireclerine entegre edilmeye baslandigi anlasilmaktadir. Ancak bu galigmalar genellikle ya sadece
merkeziyetsiz yapiy1 ele almakta, ya da iki faktorlii dogrulamay1 blokzincir disinda ele almaktadir. Bu
cercevede hem geleneksel sistemlerin pratik avantajlarint hem de blokzincir tabanli yaklagimlarin
sundugu giivenlik ve degistirilemezlik 6zelliklerini bir araya getiren biitiinlesik bir kimlik dogrulama
¢Oziimiine duyulan ihtiyag ortaya ¢ikmaktadir. Bu ¢aligmada, merkezi kimlik dogrulama ile blokzincir
destekli yapilar birlestirilerek her iki sistemin giiglii yonlerinden faydalanan yenilik¢i bir ¢dziim
onerilmektedir. Literatiirde bu tiir biitiinlesik yaklagimlara az rastlanmakta olup, 6nerilen sistem bu
acidan 6zgiin bir katki sunmaktadir.

Bu baglamda, ¢aligma kimlik dogrulama sistemlerinin gelisen teknolojiyle birlikte karsilagtig1 giivenlik,
performans ve kaynak kullanimi gibi kritik konular1 ele almakta; geleneksel ve blokzincir tabanli
yaklagimlar1 bu yonleriyle karsilastirmali olarak degerlendirmeyi amaglamaktadir. Arastirma
kapsaminda, blokzincir teknolojisinin kimlik dogrulama siire¢lerine sagladigi katkilar ile bu sistemlerin
performans ve uygulanabilirlik agisindan ortaya koydugu smirliliklar detayli bir bigimde
incelenmektedir. Ayrica, farkli kullanim senaryolarina gére hangi yaklagimin daha uygun olduguna dair
¢ikarimlarda bulunulmaktadir.

2. Materyal ve Metot (Material and Method)

Calismanin bu boliimiinde, Duende IdentityServer ile geleneksel kimlik dogrulama ve Hyperledger
Fabric ile blokzincir destekli kimlik dogrulama igin kullanilan bilesenler ve dogrulama siireglerine ait
detayl bilgiler asagidaki alt bagliklarda verilmistir. Calisma, iki farkli kimlik dogrulama yonteminin
performans karsilagtirmas: ve analizine dayanmaktadir. Performans Ol¢iimleri i¢in yaygin olarak
kullanilan agik kaynakli bir test aract olan Apache JMeter kullanilmistir. JMeter, 6zellikle web
uygulamalar1 ve hizmetlerinin yiik (load) ve stres (stress) testlerini ger¢eklestirmek amaciyla kullanilan
bir performans test aracidir. Bu c¢alisma kapsaminda, kimlik dogrulama siireglerinin farkli kullanici
yiikleri altindaki tepki siireleri ve islem siireleri JMeter ile senaryolastirilarak analiz edilmistir.
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2.1. Duende kimlik sunucusu (Duende identityserver)

Calismada, geleneksel kimlik dogrulama i¢in Visual Studio platformunda .NET Core 8 kullanilarak
gelistirilen Duende IdentityServer ile bir kimlik dogrulama sistemi gelistirilmistir. Duende
IdentityServer, OpenID Connect ve OAuth 2.0 protokollerini destekleyen agik kaynakli bir kimlik
dogrulama ve yetkilendirme sunucusudur. Bu yapi, modern web uygulamalart ve API'ler i¢in merkezi
kimlik dogrulama ve yetkilendirme saglamaktadir [16]. Bu sayede, sistemler arasi giivenli kimlik
paylasimi saglanabilmekte ve kullanicilarin erisim yetkileri merkezi bir yap1 iizerinden
yonetilebilmektedir. Duende IdentityServer ayni zamanda, yiliksek diizeyde esneklik ve
ozellestirilebilirlik sunarak farkli giivenlik ihtiya¢larina uyarlanabilmektedir. Bu esneklik, ¢aligmada
Onerilen sistemin hem geleneksel dogrulama mekanizmalar1 hem de blokzincir tabanli siireglerle entegre
bir sekilde calismasina olanak tanimistir. Genis gelistirici toplulugu ve kapsamli dokiimantasyonu
sayesinde, gelistirme siireci hizli ve sorunsuz ilerlemis, sistemin kurulum ve yonetimi kolaylastirilmastir.
Ayrica, erisim denetimi, token yOnetimi ve istemci dogrulama gibi giivenlik agisindan kritik islevleri
saglamasi nedeniyle, kurumsal diizeyde giivenli bir kimlik dogrulama altyapisi sunma kapasitesi de
onemli bir tercih sebebi olmustur. Duende IdentityServer’in hem teknik 6zellikleri hem de .NET Core
mimarisiyle olan dogal uyumu sayesinde, calismada ihtiya¢ duyulan giivenli, esnek ve siirdiiriilebilir
kimlik dogrulama yapis1 basariyla gelistirilmistir.

2.1.1. Kimlik dogrulama siireci (Authentication process)

Bu caligmada, kullanici kimlik dogrulamasi kullanici adi (email) ve sifre bilgileri kullanilarak
yapilmistir. Duende IdentityServer, kullanicinin girdigi bilgileri dogrulamak i¢in bir RESTful servis ile
iletisime gecer. Bu dogrulama siireci su adimlardan olugsmaktadir:

Kullanic1 Girisi ve Bilgi Toplama: Kullanici, giris sayfasinda email ve sifre bilgilerini girer. Bu bilgiler,
istemci (Client) tarafindan Duende IdentityServer'a iletilir.

e RESTful Servis ile Dogrulama: Duende IdentityServer, kullanicinin girdigi bilgileri
dogrulamak ic¢in bir RESTful servis ile iletisim kurmaktadir. Bu dogrulama islemi igin
serviceToken, projectName, email ve password parametrelerini kullanmaktadir. ServiceToken,
kimlik dogrulama isleminin giivenligini saglamak i¢in kullanilan bir giivenlik anahtaridir.
ProjectName hangi proje icin dogrulama yapildigin1 belirtmektedir. Email, kullanicinin
kimligini dogrulamak i¢in kullanilmaktadir. Password, kullanicinin kimligini dogrulamak igin
gerekli olan sifre bilgisidir.

e Kimlik Dogrulama ve JWT Uretimi: RESTful servis, génderilen parametreleri kontrol eder ve
bilgilerin dogrulugunu teyit eder. Dogrulama basaril1 olursa, Duende IdentityServer tarafindan
JWT (JSON Web Token) iiretilmektedir. Bu token, kullanicinin kimligini dogrulamak ve
yetkilendirilmis kaynaklara erigimini saglamak i¢in kullanilmaktadir. JWT igerisinde,
kullanicinin kimlik bilgileri, yetki diizeyleri ve token siiresi gibi bilgiler yer almaktadir.

e Token iletimi ve Yetkilendirme: Uretilen IWT (JSON Web Tokens), istemciye geri gonderilir.
Istemci, bu token'1 her istek yaptiginda HTTP Header icerisinde ileterek yetkilendirme islemini
gerceklestirir. Duende IdentityServer, token't dogrulayarak kullanicinin kimligini ve yetkisini
teyit eder. Bu sayede, kullanici yalnizca yetkili oldugu kaynaklara erigebilir.

Geleneksel kimlik dogrulama siireci Sekil 1°de gosterilmistir.
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Duende |dentityServer

2. Bilgi gonderimi

1. Kullamici adi ve sifre

Restful Servis

Istemci 3. Dedrulama basgarili

JWT Token Uretimi

5. Token

4. Token génderimi

Duende |dentityServer

Sekil 1. Geleneksel kimlik dogrulama stireci (Traditional authentication process)
2.2. Blokzincir kimlik dogrulama siireci (Blockchain authentication process)

Blokzincir destekli kimlik dogrulama sistemi, merkezi olmayan ve giivenli bir yapi1 sunarak,
kullanicilarin kimliklerini dogrulama siirecini daha giivenilir hale getirmektedir. Bu yapi, her islemi
dagitik bir agda kayit altina alarak, verilerin degistirilmesini veya sahtecilik yapilmasini imkansiz hale
getirir [17]. Blokzincirinin sundugu seffaflik ve giivenlik ozellikleri sayesinde, kimlik dogrulama
islemleri daha giivenli ve izlenebilir hale gelir [18].

Bu caligmada, blokzincir destekli kimlik dogrulama sistemi, Hyperledger Fabric kullanilarak
gelistirilmistir. Bunun i¢in sanal makine kurularak Linux tabanli bir ortamda calistirilmistir. Ciinkii,
Hyperledger Fabric, Linux Foundation tarafindan gelistirilmistir ve en gilincel destek ile
dokiimantasyonun bu platformda bulunmasini saglamaktadir [19].

Hyperledger Fabric, akilli sozlesme (chaincode) gelistirme siirecinde Go, Java ve JavaScript gibi ¢esitli
programlama dillerini destekleyerek gelistiricilere esneklik sunmaktadir. Ancak, Hyperledger Fabric’in
varsayilan programlama dili Go oldugu i¢in, bu calismada kimlik dogrulama sistemi Go dilinde
gelistirilmistir. Bu sayede, sistemin giivenligi ve isleyisi Go’nun verimli ve giiglii yapisindan
faydalanarak saglanmistir.

Bunun yani sira, Hyperledger Fabric’in tercih edilme sebeplerinden biri de izinli (permissioned) bir
blokzincir olmasidir. Geleneksel agik blokzincir sistemlerinden farkli olarak, Hyperledger Fabric’de
yalnizca yetkilendirilmis kullanicilar aga katilabilir ve islem gerceklestirebilir. Bu ozellik, sistemin
giivenligini artirarak yalnizca dogrulanmis kullanicilarin erigsimine izin verir. Ayrica, Fabric madencilik
(mining) gerektirmedigi icin islem onay siireleri ¢ok daha hizlidir. Geleneksel blokzincirlerde
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madencilik islemi biiyilk hesaplama giicli gerektirirken, Hyperledger Fabric’in farkli konsensiis
mekanizmalar1 sayesinde islemler diisiik gecikme siiresiyle tamamlanir. Bu durum, 6zellikle kimlik
dogrulama gibi anlik ve giivenilir islem gerektiren sistemler i¢in biiyiik bir avantaj saglamaktadir.

Blokzincir destekli kimlik dogrulama siireci, merkezi bir otoriteye ihtiyag duymadan kullanicilarin
giivenli bir sekilde kimliklerini dogrulamalarini saglamaktadir. Bu siirecte kullanilan en 6nemli giivenlik
Ozelliklerinden biri, zaman tabanli tek kullanimlik sifreler (TOTP-Time-Based One-Time Password)
kullanimidir. TOTP, 6zellikle iki faktorlii kimlik dogrulama (2FA) mekanizmalarinda yaygin olarak
kullanilan bir giivenlik aracidir. TOTP, her kullanici i¢in belirli bir zaman diliminde gecerli olan ve
yalnizca bir kez kullanilabilen dinamik sifreler liretir. Bu dinamik sifreler, kimlik dogrulama siirecine
ekstra gilivenlik katmani ekler ve sifrelerin sadece belirli bir siire i¢in gegerli olmasini saglar, bu da
saldirganlarin sifreyi ele gecirme olasiligini azaltir. Blokzincir destekli kimlik dogrulama siireci su
adimlarla gergeklestirilir:

* Kullanic1 kayit islemi: Kullanici kayit iglemi sirasinda, kullaniciya ait email adresi ile benzersiz bir
TOTP gizli anahtar1 (secret key) olusturulur. Bu bilgiler, Hyperledger Fabric iizerinde ¢alisan bir
chaincode (akilli s6zlesme) araciligryla blokzincirine kaydedilir. Kullanic bilgileri, anahtar-deger (key-
value) formatinda depolanarak hem verimlilik hem de giivenlik saglanir. TOTP gizli anahtari, her
kullanict i¢in 6zel olarak olusturulur ve boylece kimlik dogrulama siireci her kullanici i¢in benzersiz
hale gelir.

* Kullanici dogrulama: Kullanicinin kimlik bilgileri (email ve sifre) IdentityServer {iizerinden
dogrulandiktan sonra, kullanicidan Google Authenticator gibi bir uygulama araciligiyla olusturulmus
olan 6 haneli TOTP kodunu sisteme girmesi istenir. Sistem, blokzincirinde kayitli olan kullanicinin
TOTP gizli anahtarin1 kullanarak ayn1 kodu hesaplar. Hesaplanan TOTP kodu ile kullanicinin girdigi
kod eslesirse, kimlik dogrulama basarili olur. Eslesme durumunda, kullanici sisteme giris yapabilir. Eger
kodlar eslesmezse, giris islemi reddedilir.

Blokzincir destekli kimlik dogrulama siireci Sekil 2’de gosterilmistir.
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Sekil 2. Blokzincir destekli kimlik dogrulama siireci (Blockchain-based authentication process)

Bu siireg, blokzinciri teknolojisinin sagladigi dagitik yapi sayesinde merkezi bir otoriteye ihtiyag
duymadan giivenli ve bagimsiz bir kimlik dogrulama mekanizmasi sunar.

3. Arastirma Bulgular (Research Findings)

Geleneksel kimlik dogrulama sistemi ile blokzincir destekli kimlik dogrulama sisteminin
performanslari, farkli kullanici yiikleri altinda karsilastirmali olarak degerlendirilmistir. Karsilastirma,
farkli kullanici yiikleri altinda sistemlerin yanit siiresi, CPU ve bellek (RAM) kullanimi1 gibi metrikler
iizerinden gergeklestirilmistir. Performans testleri, 1, 10 ve 100 kullanici senaryolari i¢in uygulanmistir.
Gelistirilen test uygulamalari, Intel(R) Core(TM) i5-10210U CPU @ 1.60GHz, 16 GB RAM, 64-bit
isletim sistemi ve x64 tabanli 4 g¢ekirdekli bir donanim iizerinde g¢alistirtlmistir. Geleneksel kimlik
dogrulama sistemi, Duende IdentityServer altyapisi kullanilarak test edilmistir. Testlerde performans
Olctimleri i¢in Apache JMeter kullanilmistir. Geleneksel kimlik dogrulama sistemi ile blokzincir destekli

dogrulama sistemine ait test senaryolari li¢ asamada yapilandirilmigtir. Senaryolarda kullanilan temel
parametreler su sekildedir:

e Kullamicx sayis1 (Threads): Aym anda sisteme erisim saglayacak kullanicilarin sayisini
(clients) ifade etmektedir. Bu ¢alisma kapsaminda sirasiyla 1, 10 ve 100 kullanici senaryolart
uygulanmstir.

e Ramp-Up siiresi: Belirtilen sayidaki kullanicinin sisteme ne kadar siire i¢cinde dahil olacagini
tanimlamaktadir. Tiim senaryolarda bu siire 10 saniye olarak belirlenmistir. Bu sayede,
kullanicilar aym1 anda degil, kisa araliklarla sisteme giris yaparak daha gergekei bir yiik
simiilasyonu saglanmuistir.

e Dongii sayis1 (Loop Count): Her bir kullanicinin aynmi iglemi ka¢ kez tekrar edecegini
gostermektedir. Bu sayi, kullanici basina gonderilecek istek sayisini belirlemektedir.
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Uygulanan senaryolar su sekilde 6zetlenebilir:

o Ilk senaryoda, 1 kullanic1 10 saniyelik ramp-up siiresiyle teste baslamakta ve 100 kez islem
tekrarlayarak toplam 100 istek tiretilmistir.

o Ikinci senaryoda, 10 kullanic1 aym ramp-up siiresi i¢inde sisteme dahil olmakta ve her biri 100
kez islem yaparak toplamda 1000 istek gerceklestirmistir.

o  Ugiincii ve en yogun senaryoda ise 100 kullanici, yine 10 saniyelik ramp-up siiresiyle sisteme
giris yapmakta ve her biri 50 kez islem yaparak toplam 5000 istek iiretmistir.

Bu yapilandirma sayesinde, sistemin farkli seviyelerdeki eszamanli kullanici yiiklerine verdigi yanit
stireleri Ol¢iilmiis ve performans analizleri yapilmistir.

Her test senaryosu yanit siireleri milisaniye (ms) cinsinden kaydedilmistir. Elde edilen sonuglar kullanici
sayis1, kullanici basgina istek sayisi, toplam istek sayisi, ortalama yanit siiresi ve standart sapmalar ile
birlikte degerlendirilmistir. Tablo 1 ve Tablo 2’de yer alan performans 6l¢liim sonuglari, geleneksel
kimlik dogrulama sistemi ile blokzincir destekli kimlik dogrulama sisteminin farkli kullanici yiikleri
altindaki tepkilerini ortaya koymaktadir. Her iki sistem i¢in 1, 10 ve 100 kullanic1 senaryolarinda 6l¢iilen
yanit siireleri, sistemlerin Sl¢eklenebilirlik diizeylerini ve kaynak kullanimina verdikleri tepkileri
degerlendirmek acisindan 6nemli veriler sunmaktadir.

Duende IdentityServer altyapisi kullanilarak gergeklestirilen geleneksel kimlik dogrulama testlerinde,
tek kullanict ve 100 istek senaryosu altinda ortalama yanit siiresi 7 ms olarak 6l¢iilmistiir. 10 kullanici
ve her biri i¢in 100 istek olmak iizere toplam 1000 istek iceren senaryoda ortalama yanit siiresi hafif
artig gostererek 9 ms’ye ulasmistir. 100 kullanic1 ve kullanici bagina 50 istek olmak iizere toplam 5000
istegin gerceklestirildigi en yogun senaryoda ise ortalama yanit siiresi 139 ms’ye yiikselmistir. Sistemin
yanit siiresinde goriilen bu artis, eszamanli kullanici sayisi ve toplam istek sayisinin artigina bagli olarak
beklenen bir performans yavaslamasidir. Ancak, bu artisa ragmen 100 kullanict ve 5000 toplam istek
altinda dahi sistemin performansinin hala kabul edilebilir seviyelerde oldugu sdylenebilir. Standart
sapma degerlerinin diisiik ve nispeten sabit kalmasi (1.76 ms’den 134.39 ms’ye) ise, sistem yanit
stirelerinin tutarl ve dngoriilebilir oldugunu gostermektedir.

Hyperledger Fabric tabanli blokzincir destekli kimlik dogrulama sisteminde olgiilen yanit siireleri
gelencksel sisteme kiyasla daha yiiksektir. Tek kullanict ve kullanici bagma 100 istek olmak iizere
toplam 100 istek yapilan senaryoda ortalama yanit siiresi 8 ms ile baglamistir. 10 kullanici ve kullanici
basma 100 istek ile toplam 1000 istegin gerceklestirildigi senaryoda ortalama yanit siiresi 11 ms’ye
yiikselmistir. En yogun senaryo olan 100 kullanici ve kullanici basina 50 istek olmak iizere toplam 5000
istekte ise ortalama yanit siiresi 334 ms’ye ¢ikmistir. Standart sapma degerlerinin geleneksel sisteme
gore oldukea yiiksek olmasi (7.02 ms’den 267.38 ms’ye) blokzincir sisteminde yanit siirelerinde daha
fazla dalgalanma yasandigini goéstermektedir. Bu durum, blokzincir mimarisinde bulunan islem
dogrulama, konsensiis mekanizmalar1 ve blok yazma siire¢lerinin dogal bir sonucu olarak
degerlendirilebilir. Blokzincir sisteminin yliksek eszamanlilik altinda yanit siirelerinde daha fazla
degiskenlik gostermesi, 6l¢eklenebilirlik ve performans agisindan 6nemli bir sinirlama olugturmaktadir.
Geleneksel kimlik dogrulama sistemi, merkezi mimarisi sayesinde hem diisiik gecikme siireleri hem de
tutarli performans gostermektedir. Kullanici sayisi ve istek yiikii arttikca yanit siiresi artsa da sistem 100
kullanict ve 5000 toplam istek altinda ortalama 139 ms yanut siiresi ile kabul edilebilir bir performans
sergilemektedir. Standart sapmanin nispeten diisiik olmasi, sistem yanit siirelerinin ongdriilebilir ve
stabil oldugunu gostermektedir. Buna karsin, blokzincir destekli kimlik dogrulama sistemi, giivenlik ve
veri biitiinliigii avantajlari sunmasina ragmen, islem dogrulama ve konsensiis siire¢lerinden dolay1 daha
yiiksek ve dalgali yanit siirelerine sahiptir. 100 kullanic1 ve 5000 toplam istek senaryosunda ortalama
yanit siiresi 334 ms’ye yiikselirken, standart sapma degeri 267 ms gibi yiiksek bir seviyede
seyretmektedir. Bu yiiksek standart sapma ve yanit siiresi dalgalanmalari, blokzincir altyapisinin yogun
kullanici yiiklerinde performans agisindan daha degisken ve dngoriilemez olduguna isaret etmektedir.
Ozetle, geleneksel kimlik dogrulama sistemi, performans ve kararlilik agisindan yiiksek kullanict
yiiklerinde daha uygun bir ¢6ziim sunarken, blokzincir destekli sistem daha giiclii glivenlik 6zellikleri
saglamasina ragmen performans acisindan belirgin sinirlamalara sahiptir.
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Tablo 1. Geleneksel kimlik dogrulama performans 6l¢iim sonuglari (Traditional authentication
performance measurement results)

Kullanici Kullanic1 Bagina istek Toplam istek Ortalama Yamt Siiresi Standart
Sayisi Sayisi Sayisi (ms) Sapma
1 100 100 7 1.76
10 100 1000 9 3.23
100 50 5000 139 134.39

Tablo 2. Blokzincir destekli kimlik dogrulama performans dl¢iim sonuglar1 (Blockchain-based
authentication performance measurement results)

Kullanici Kullanic1 Bagina istek Toplam istek Ortalama Yamt Siiresi Standart
Sayisi Sayisi Sayisi (ms) Sapma
1 100 100 8 7.02
10 100 1000 11 9.28
100 50 5000 334 267.38

Tablo 3. Geleneksel kimlik dogrulama ile blokzincir tabanli kimlik dogrulamasi karsilastiriima
kriterleri (Comparison criteria between traditional authentication and blockchain-based authentication)

Metrik Geleneksel Kimlik Dogrulama (Duende Blokzincir Destekli Kimlik Dogrulama

IdentityServer) (Hyperledger Fabric)
Merkezilesme Tek bir otorite yonetir. Dagitik yap1, merkezi otorite yok
Giivenlik Orta Yiiksek
Erisim Kontrolii Yetkilendirme merkezi sunucuya bagl Kullanicilar kendi verilerini yonetebilir
Gizlilik Merkezi otorite tiim verileri gorebilir. Kullanicilar verileri §z§rinde tam kontrole
sahiptir.
Olgeklenebilirlik Yiksek Orta
Erisilebilirlik Sunucu ¢okmesi durumunda kesinti olur Tim digiimler calistig: siirece kesintisiz

Tablo 3’te sunulan karsilagtirma, geleneksel kimlik dogrulama sistemi ile blokzincir tabanli kimlik
dogrulama sisteminin yapisal ve islevsel farkliliklarini ortaya koymaktadir. Geleneksel kimlik
dogrulama sistemleri, merkezi bir otorite tarafindan yonetilir ve tiim kimlik dogrulama siirecleri bu
otorite lizerinden yiiriitiiliir. Bu yapi, hizli yanit siireleri ve yiiksek dlceklenebilirlik gibi avantajlar sunsa
da giivenlik ve gizlilik acisindan bazi smirlamalar barmdirmaktadir. Ozellikle merkezi sunucunun
¢Okmesi durumunda sistemin tamamen devre disi kalmasi erisilebilirlik agisindan zafiyet olusturabilir.
Ayrica, kullanict verilerinin merkezi bir noktada toplanmasi, gizlilik ve wveri ihlali risklerini
artirmaktadir.

Ote yandan, blokzincir destekli kimlik dogrulama, verilerin merkezi bir otoriteye bagl olmadan, dagitik
bir yap1 lizerinde saklanmasi sayesinde yiiksek giivenlik ve gizlilik sunmaktadir [20]. Bu sistemlerde
giivenlik, temel olarak blokzincirin degistirilemezlik (immutability), kriptografik imzalar ve islem
geemisinin seffafligina dayanmaktadir. Ornegin, her kimlik dogrulama iglemi kriptografik olarak
imzalanir ve blokzincire kaydedildiginde sonradan degistirilmesi miimkiin degildir. Bu sayede kimlik
sahteciligi, veri manipiilasyonu ve yetkisiz erisim gibi tehditlere karsi direng saglamaktadir. Ayrica, her
kullanict verisinin yalmizca gerekli oldugunda ve kullanict izniyle paylasilmasi, veri gizliligini
arttirmaktadir. Sistem, Sybil saldirilarma kars1 diiglim dogrulama mekanizmalar1 (6rnegin Proof-of-
Authority veya Proof-of-Stake) ile korunabilir. Buna ek olarak, veri biitiinliigii ve erisim kontroli gibi
giivenlik kriterleri, merkezi sistemlere gére daha giiclii sekilde uygulanabilmektedir. Ornegin,
blokzincire entegre edilen akilli sozlesmeler araciligiyla sadece yetkili taraflarin belirli verilere
erigsmesine izin verilebilir. Bu tiir glivenlik 6zelliklerinin degerlendirilmesi, sistemin digaridan saldirilara
karsi direnci, veri sizintisi ihtimali ve islem ge¢misinin seffafligi gibi kriterler géz Oniinde
bulundurularak yapilmigtir. Bu yonleriyle, blokzincir destekli kimlik dogrulama sistemleri, geleneksel
sistemlere kiyasla daha yliksek diizeyde gilivenlik saglamaktadir. Ancak, bu yiiksek giivenlik diizeyinin
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bir maliyeti vardir. Dagitik yapimin dogas1 geregi, her islem agda ¢ok sayida diigim tarafindan
dogrulanmak zorunda oldugu i¢in, islem yiikii artmakta ve yanit siireleri uzamaktadir. Gergeklestirilen
testlerde, blokzincir destekli sistemlerin geleneksel sistemlere kiyasla daha fazla CPU ve RAM kaynagi
tiikkettigi, dolayisiyla daha yiiksek donanimsal gereksinimlere ihtiya¢ duydugu gézlemlenmistir. Bu
nedenle, blokzincir tabanli kimlik dogrulama sistemleri giivenlik agisindan avantajli olmakla birlikte,
performans ve kaynak kullanim1 agisindan bazi sinirlamalar barindirmaktadir.

4. Tartisma ve Sonuc (Results and Discussion)

Bu c¢aligsmada, geleneksel kimlik dogrulama ile blokzincir destekli kimlik dogrulamanin performans ve
giivenlik agisindan karsilastiritlmast amaglanmistir. Yapilan performans testleri, her iki yontem
arasindaki farklar1 net bir sekilde ortaya koymustur. Geleneksel kimlik dogrulama, merkezi sunucu
yapisi sayesinde daha hizli yanit siireleri ve yliksek ol¢eklenebilirlik sunmaktadir. Bu, verilerin merkezi
bir noktada saklanmasi ve islemlerin daha verimli bir sekilde gerceklestirilmesinden kaynaklanmaktadir.
Ancak, merkezi yapinin getirdigi giivenlik riskleri, kullanic1 verilerinin gizliligini tehdit edebilir ve
merkezi otoritenin giivenilirligine bagimhilig1 artirabilir. Ozellikle sunucu ¢dkmesi veya saldirilar
durumunda, sistemin tamaminin erisilemez hale gelmesi ciddi bir sorun teskil etmektedir

Diger taraftan, blokzincir destekli kimlik dogrulama, dagitik yapisi sayesinde daha yiiksek giivenlik ve
gizlilik saglar. Kullanicilar, verileri {lizerinde tam kontrol sahibidir ve veriler yalnizca ihtiyag
duyuldugunda paylasilmaktadir. Bu yapi, merkezi otoriteye dayali sistemlerden bagimsizlik sunar.
Ancak, bu avantajlarin maliyeti, daha uzun yanit siireleri ve yiksek islem yikii olarak karsimiza
cikmaktadir. Blokzincir destekli sistemler, agda her kullanici islemi i¢in dogrulama
gerceklestirdiginden, Olgeklenebilirlik  agisindan  geleneksel yontemlere gore  sinirlamalar
gostermektedir. Ayrica, daha fazla CPU ve RAM kaynagi gerektiren bu sistemler, performans agisindan
daha fazla islem giicii ve zaman tiiketmektedir. Sonug olarak, her iki kimlik dogrulama yonteminin
kendine 0zgii giiclii ve zayif yonleri vardir. Geleneksel kimlik dogrulama, hizli ve olgeklenebilir
yapisiyla yiksek performans sunarken, giivenlik ve gizlilik agisindan zayif kalmaktadir. Blokzincir
destekli kimlik dogrulama ise daha giivenli ve gizlilik odakli bir ¢6ziim sunmakta, ancak yiliksek islem
giicii ve performans gereksinimleri nedeniyle daha fazla kaynak kullanmaktadir. Bu g¢alismanin
bulgulari, geleneksel kimlik dogrulamanin hiz ve 6l¢eklenebilirlik gerektiren senaryolarda, blokzincir
destekli kimlik dogrulamanin ise giivenlik ve gizlilik 6ncelikli uygulamalarda daha uygun oldugunu
gostermektedir.

Gelecekte, blokzincir destekli sistemlerin performansini artirmak ve olgeklenebilirlik sorunlarim
¢dzmek adina gesitli iyilestirme calismalar1 yapilabilir. Ornegin, islem yiikiinii azaltan ve dogrulama
stiresini kisaltan Layer-2 ¢oziimleri kimlik dogrulama siireglerine entegre edilebilir. Ayrica, akilli
sozlesmelerin daha verimli ve giivenli galisabilmesi igin, statik analiz araglari kullanilarak potansiyel
giivenlik aciklarmin erken tespiti saglanabilir. Bunun yaninda, hibrit kimlik dogrulama modelleri
gelistirerek, kullanicilarin ihtiyaglarina gore geleneksel ve blokzincir tabanli sistemler arasinda dinamik
gecis yapilmasina olanak taniyan adaptif mimariler arastirilabilir. Bu tiir hibrit sistemlerde, drnegin
kritik olmayan islemlerde geleneksel dogrulama tercih edilirken, hassas veri erigimlerinde blokzincir
teknolojisi devreye alinabilir. Son olarak, kullanic1 deneyimini iyilestirmek amactyla, mobil cihazlara
0zel optimize edilmis blokzincir ¢oziimleri gelistirilebilir. Bu dogrultuda, blokzincir destekli kimlik
dogrulamanin gelecegi yalnizca giivenlik degil, ayn1 zamanda erisilebilirlik ve kullanici dostu
coziimlerle de sekillenebilir.
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ABSTRACT

The management of technical debt is critical to the sustainability of software quality throughout the evolution of
software systems. This study investigates how technical debt levels change across multiple versions of four widely
used open source software projects, nopCommerce, OrchardCore, RavenDB, and ShareX. Versions 30, 28, 20,
and 15 of these projects, respectively, were systematically analyzed using the NDepend static analysis tool to
measure technical debt levels. The results reveal that technical debt tends to accumulate, decrease, and stabilize.
While nopCommerce exhibits significant increases in technical debt after major version migrations, OrchardCore
maintains low levels, demonstrating the effectiveness of modular architecture in debt management. RavenDB
exhibits a limited but increasing debt profile, while ShareX tends to reduce its debt level over time. These findings
highlight the importance of continuously monitoring and proactively managing technical debt, especially during
major structural changes. The study presents empirical findings on the evolution of technical debt in open source
projects and demonstrates the value of static analysis tools such as NDepend to software quality management.

Keywords: Static code analysis, Open source applications, Static analysis tools, Technical debt

ACIK KAYNAK KODLU UYGULAMALARDA STATIK KOD ANALIZi iLE
TEKNIiK BORC DEGERLENDIRMESI

0z

Teknik borcun ydnetimi, yazilim sistemlerinin evrimi boyunca yazilim kalitesinin sirdiiriilebilirligi agisindan
kritik bir 6neme sahiptir. Bu ¢alisma, yaygin olarak kullanilan doért agik kaynak yazilim projesi olan
nopCommerce, OrchardCore, RavenDB ve ShareX’in ¢oklu siiriimleri boyunca teknik bor¢ seviyelerinin nasil
degistigini arastirmaktadir. NDepend statik analiz araci kullanilarak bu projelerin sirasiyla 30, 28, 20 ve 15 siirimii
sistematik olarak analiz edilmis ve teknik borg seviyeleri 6l¢iilmiistiir. Elde edilen sonuglar, teknik borcun birikim,
azalma ve stabilite egilimleri gdsterdigini ortaya koymustur. nopCommerce, biiyiik siiriim gegisleri sonrasi teknik
borgta belirgin artiglar sergilerken, OrchardCore diigiik seviyeleri koruyarak modiiler mimarinin borg
yonetimindeki etkinligini gostermistir. RavenDB, sinirli ancak artis egilimli bir borg profili sergilerken, ShareX
zamanla borg seviyesini azaltma egiliminde olmustur. Bu bulgular, 6zellikle bilyiik yapisal degisiklikler sirasinda
teknik borcun siirekli izlenmesi ve proaktif olarak yonetilmesinin dnemine dikkat ¢ekmektedir. Calisma, agik
kaynak projelerde teknik borcun evrimine iliskin ampirik bulgular sunmakta ve NDepend gibi statik analiz
araclarinin yazilim kalitesi yonetimine sagladigi degeri ortaya koymaktadir.

Anahtar kelimeler: Statik kod analizi, A¢ik kaynak kodlu uygulamalar, Statik analiz araglari, Teknik bor¢
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1. Introduction

In the software field, issues such as software maintainability, maintaining code quality, and code
analysis are becoming increasingly important. Open source software is a type of software where the
source code is publicly available and users can review and modify the software. Today, open source
software is constantly updated by a large community of developers, but these updates can compromise
the integrity of the software and create undesirable changes in quality metrics. Capiluppi and Ramil [1]
investigated version management and maintainability issues in open source projects and analyzed the
effects of version changes on the evolution of projects. The research findings emphasize the importance
of version management for the maintainability of software development processes. Scacchi [2] evaluated
the applicability of process improvement practices in open source projects by examining the unique
problems that arise in the quality and process management of open source software and the methods for
solving these problems. Stol and Fitzgerald [3] have deeply examined the complexities of open source
software development processes and the difficulties that arise in managing these processes and have
proposed sustainable software development methods. Beller et al. [4] studied the prevalence,
configuration patterns, and time evolution of nine different static analysis tools across more than 168,000
open source projects. Configurations were often based on default settings, and developers rarely defined
custom rules. This analysis showed that 65% of the alert rules were related to maintainability and 35%
were related to functional errors.

Static code analysis is one of the widely used methods to measure software quality with specific metric
values. Static code analysis examines the source code without running the software and allows
developers to evaluate various metrics such as method complexity, technical debt, number of methods,
etc. Ayewabh et al. [5] evaluated the effectiveness of static analysis outputs in preventing bugs using the
FindBugs tool and emphasized the importance of integrating these tools into software processes.
Basutakara and Jayanthi [6] studied the role of static code analysis in improving software security and
systematically summarized the methods, tools, and analysis models used for early vulnerability
detection. This study stated that static analysis tools analyze the code according to abstract syntax trees,
control flow graphs, and call graphs. Sultanow et al. [7] presented a machine learning-based analysis
approach that aims to detect invisible defects in large-scale general software for cases where classical
static code analysis falls short.

Yeboah and Popoola [8] analyzed 1600 user reviews of SonarQube, PMD, Checkstyle, and FindBugs
using problem modeling to uncover users' concerns and preferences about static analysis tools.
Lenarduzzi et al. [9] compared six popular static analysis tools (SonarQube, Better Code Hub, Coverity
Scan, FindBugs, PMD, and Checkstyle) on 47 Java projects and examined their detection capability,
overlap, and accuracy. Nachtigall et al. [10] studied the usability issues of static analysis tools around
the concept of “explainability” and identified six main challenges that prevent developers from
communicating effectively with these tools. In this study, seven industrial and seven academic static
analysis tools were evaluated for their responses to these challenges.

NDepend is a powerful static analysis tool widely used in the .NET ecosystem. The tool offers advanced
metrics for calculating and tracking technical debt. Avgeriou and Taibi [11] evaluated NDepend among
the tools that focus on technical debt measurement, stating that it stands out with its comprehensive
metric support and code query capabilities. Ernst et al. [ 12] stated that tools such as NDepend report not
only design-level but also code-level rule violations, so developers should be careful to distinguish
between design-related debt and routine code errors.

Coulin et al. [ 13] systematically examined the metrics used to measure architectural quality and revealed
the relationship between these metrics and quality attributes such as maintainability, extensibility, and
performance. Debbarma et al. [14] evaluated widely used complexity metrics and studied the
contribution of static analysis-based metrics to software testing processes. Ludwig et al. [15] analyzed
technical debt levels using code metrics such as architectural complexity obtained with the Understand
tool, and showed that certain code components accumulate debt over time. Hernandez-Gonzalez et al.
[16] discussed the role of fundamental metrics such as coupling, dependency, complexity, testability,
and reusability in the context of software engineering in their systematic review. Nufiez-Varela et al.
[17] analyzed 226 studies on source code metrics and identified trends in this area.
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Cunningham [18] first defined the concept of technical debt and drew attention to the problems that
short-term decisions can create in the long term. The role and effects of technical debt in the software
development process are conceptually expressed in this study. Kruchten, Nord, and Ozkaya [19]
thoroughly examined the theoretical background and practical applications of the concept of technical
debt and presented a comprehensive study emphasizing the importance of technical debt in software
engineering processes. Alves et al. [20] examined technical debt indicators and their reflections on
software projects and proposed methods for measuring and monitoring technical debt. Ernst et al. [21]
analyzed the effectiveness of static analysis tools in identifying technical debt, supporting the
importance of these tools in software engineering processes with empirical data. Fontana et al. [22]
stated that the tools provide an index that gives an overall assessment of technical debt in a project and
explained how to calculate technical debt indices using 5 different tools.

The concept of technical debt is not just a theoretical framework, but a concrete problem that software
teams encounter in their daily practice. Holvitie et al [23] stated that with the widespread use of the agile
development approach, teams are exposed to an increase in technical debt due to reasons such as
frequently changing customer requirements, time pressure, insufficient test coverage, incomplete
documentation and resource constraints. This accumulation leads to a decrease in software quality,
increased maintenance costs, and structural complexities that make it difficult to manage technical debt.
Recent studies emphasize that technical debt accumulates not only at the code level, but also at the
architecture, testing, documentation, and process levels, and that failure to effectively manage these
debts threatens the success of software projects [24].

With the acceleration of digitalization, software quality has become one of the priority agendas of both
researchers and developers. Kokol [25] analyzed the publications in this field and revealed that studies
on software quality have increased rapidly in recent years and that research focuses especially on topics
such as the development of software engineering processes, testing techniques, and error prediction
based on machine learning. Although static analysis tools are effective in detecting software errors early,
they can lose the trust of developers due to high false alarm rates. Kang, Aw, and Lo [26] found that the
"Golden Features" feature set proposed to increase the accuracy of these tools appeared to be more
successful than it actually was due to data leakage and duplicate data. It was also stated that more reliable
evaluation methods should be developed to ensure label accuracy.

The issue of technical debt is related to the fact that choices made for the sake of short-term gains make
the maintenance and development process of the software difficult in the long run. Melo et al. [27] stated
that there are still significant gaps in the identification and measurement of technical debt, especially in
the requirements phase, and this can negatively affect software quality. Addressing the general
conceptual confusion in this field, Junior and Travassos [28] systematically examined the existing
literature on the definition, types, causes and management of technical debt and argued that a common
understanding model should be created. Finally, Yadav et al. [29] reported that they achieved more
successful results in metrics such as accuracy and faulty sample detection than classical methods with
the HEHO-CLSTM method they developed to predict software quality with artificial intelligence.

The main research problem addressed in this study is to answer the question of how the concept of
technical debt changes across different software versions and how these changes affect software quality.
The questions of whether changes across different versions of a software show a certain trend as open
source software versions evolve and whether commonalities or differences exist in technical debt
changes across different types of software will also be addressed. In this context, studies analyzing
version-based technical debt across different software types are limited. This study aims to fill this gap
in the literature by comparatively analyzing the software development processes of different application

types.

The primary objective of this study is to examine how technical debt evolves across different versions
of structurally diverse open source software projects and to evaluate its implications on software quality.
To this end, the research focuses on four widely used .NET-based applications (nopCommerce,
OrchardCore, RavenDB and ShareX) analyzing a total of 93 versions using the NDepend static code
analysis tool. By applying a uniform metric framework, this study enables both intra-project and cross-
project comparisons. The resulting insights aim to guide software developers and researchers by
identifying how architectural choices and versioning strategies impact debt accumulation. Furthermore,
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the study contributes a replicable and systematic methodology for version-based static analysis that
enhances the understanding of software maintainability through empirical evidence.

Although there are many studies analyzing technical debt using static code analysis, few have conducted
a longitudinal, version-based investigation across multiple types of open source systems with a
consistent metric framework. This study differentiates itself by simultaneously analyzing four
structurally distinct applications over a total of 93 versions, using a uniform methodology and metric
focus via NDepend. Unlike prior studies that often focus on a single system or metric, this research
enables both intra-project and inter-project comparisons of technical debt evolution, offering a
comprehensive perspective on how software architecture and versioning strategies influence debt
accumulation patterns.

2. Material and Method

In this study, static code analysis method is used to analyze the structural changes of open source
software over time. This approach provides numerical data about software quality only from the source
code without requiring dynamic execution, and provides a strong evaluation ground, especially for
comparisons between versions. In this section, technical debt is introduced, the preferred analysis tool
is explained, the open source projects examined are defined, and the analysis process is explained in
detail step by step.

2.1. Software metrics and technical debt

Honglei et al. [30] defined software metrics as follows: Software metrics give some quantitative
descriptions of the attributes and these attributes are extracted from the software product, software
development process and related resources. Technical debt is defined as the cost that software has to
pay in the long run due to compromises or shortcuts that developers take to achieve some goals [31].

Technical debt was determined both to track the structural evolution of the code and to enable objective
comparison across projects. It was measured with the NDepend tool for each implementation and
applied equally to each release using the same methodology.

2.2. Open source applications

In this study, four open source and .NET based applications representing different software categories
were examined. The versions of the applications were obtained from their official repositories on
GitHub, and the criteria of widespread use, active development, having a clear version history and
representing different functional areas were taken into account in the selection process of the
applications [32-35]. Thus, the analysis results obtained are intended to be both extensible and
comparable across software types. In this context, nopCommerce, an e-commerce platform,
OrchardCore, a content management system, RavenDB, a document-based NoSQL database, and
ShareX, a screenshot-taking and sharing application, were included in the study.

NopCommerce is a well-known e-commerce platform available as free software that allows interested
users to open an online store [36]. It has a layered and modular architecture. Orchard Core is an open-
source, modular, multi-tenant application framework and CMS for ASP.NET Core [37]. RavenDB is
described as a transactional, open-source document database written in .NET and offers a flexible data
model designed to meet your needs [38]. ShareX is known as a monolithic desktop application and is
described as a free and open source screenshot and screen recording software for Microsoft
Windows.[39]. Since all of these applications are open source applications, their development strategies
are basically the same. They are all versioned by individuals or communities.

While performing the analysis, 30 versions were included in the analysis for the nopCommerce
application, 28 for OrchardCore, 20 for RavenDB, and 15 for ShareX. When selecting the version,
compilable versions that contained functionally significant changes were preferred. In this way, it was
possible to examine and interpret the software structure changes of the projects in a healthy way over
time. All versions were organized under separate folder structures, preserving the source code integrity;
analyzes were performed directly on the source files.
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In this study, four open source applications were selected to provide functional diversity while
maintaining a consistent technical base. All four projects are built on the .NET technology stack, are
publicly available under open source licenses, and are accessible via GitHub and provide a structured
version history. Moreover, they represent different application domains. This diversity allows for an
insightful comparison of how technical debt evolves in software systems with different architectural
styles, purposes, and usage contexts.

The number of versions analyzed for each project was determined by both functional relevance and
technical feasibility. While our initial goal was to analyze as many versions as possible to capture long-
term evolution patterns, certain limitations emerged during the compilation and analysis process. In
particular, older versions of some applications caused critical compatibility issues in Visual Studio and
could not be compiled successfully. Furthermore, NDepend requires compilable assemblies to perform
static code analysis. These conditions were not met due to outdated frameworks, missing dependencies,
or deprecated APIs, and therefore these versions could not be included in the analysis. As a result, the
number of versions included per application was not uniform, but instead is based on a subset of stable
and analyzable versions.

Each selected release was selected based on two key criteria: compilability and architectural or
functional importance. To ensure consistency and accuracy in metric calculation, only releases that can
be compiled in a modern .NET environment (Visual Studio 2022) without major code changes were
included. Priority was also given to releases that introduced significant changes, such as major releases,
incremental updates affecting core modules, or structural redesigns. This ensured that the observed
technical debt fluctuations were not only measurable, but also meaningfully linked to changes in system
design and development decisions.

NopCommerce was specifically chosen for its maturity, commercial adoption, and detailed version
history. As one of the most widely used open source eCommerce platforms in the .NET ecosystem, it
undergoes regular updates with clear documentation and change logs. Additionally, nopCommerce’s
migration to ASP.NET Core and extensive use in real-world deployments provide a practical context
for interpreting the results, thus increasing the applicability and relevance of the study findings.

2.3. Static code analaysis tools and NDepend

Various static analysis tools have been developed to assess software quality based on code-level metrics.
Static analysis tools are widely used to assess maintainability, complexity, and technical debt indicators.
Among them, NDepend stands out due to its deep integration with the .NET ecosystem and extensive
support for technical debt measurement. Stankovi¢ [40] conducted a comparative evaluation of four
static analysis tools, SonarCloud, Squore, Sonargraph, and NDepend, for the purpose of identifying
technical debt in .NET projects. NDepend stands out because it can identify not only code debt but also
architectural and design debt. While most of the tools use the SQALE methodology, NDepend offers
more detailed analysis with its own proprietary metrics. In tests conducted on six open source projects,
NDepend produced the highest technical debt estimates and detected more extensive issues compared
to other tools. In conclusion, although there are differences between the tools, NDepend stands out as a
powerful tool for in-depth analysis and architectural assessment.

In the study conducted by Pfeiffer and Lungu [41], while examining how technical debt and
sustainability are measured by software tools, 11 popular static analysis tools were examined in detail.
One of these tools, NDepend, defines technical debt as the correction period corresponding to the
violated rules and calculates it in man-days. The outstanding feature of NDepend is that it offers more
than 200 analysis rules in a customizable way with LINQ-based queries. The debt value corresponding
to the violation of each rule can be determined by the user. In addition, indicators such as annual interest
and technical debt ratio are calculated to score the total debt status of the software. The study reveals
that NDepend performs technical debt calculations in a transparent and customizable manner, and in
this respect, it is in a rare position in the industry. Despite its high configurability and detailed
measurements, the existing literature does not provide direct empirical validation for the accuracy of
NDepend’s technical debt estimates. The study of Lefever et al. [42] revealed significant variability
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among tools using similar methodologies, meaning that even advanced tools like NDepend should be
used with caution when drawing quantitative conclusions.

Avgeriou et al. [11] identified NDepend as one of the most feature-rich tools in their comparative
overview of technical debt quantification platforms, noting its capabilities to calculate principal, interest,
and debt ratio using customizable rule definitions. Similarly, Shaukat et al. [43] assessed the extent of
architectural and maintainability issues in NDepend by comparing it with specialized analyzers for
safety-critical software. Pavli¢ et al. [44] considered NDepend as a SQALE-based debt estimator
alongside SonarQube and Squore, and found it to be compliant with industry standards for technical
debt quantification. Furthermore, Saraiva et al. [45] included NDepend in a systematic mapping of TD
tools, noting its effectiveness in agile environments and its recognition in previous work on supporting
debt detection in evolving systems. These studies collectively confirm the relevance and widespread
adoption of NDepend in both academic and industrial settings, while also providing a critical perspective
on the challenges of tool-to-tool consistency in measuring algorithmic coverage, reliability, and
technical debt. Their findings strengthen the methodological soundness of using NDepend to perform
version-based technical debt analysis in .NET-based open source projects in this study.

During the tool selection phase, alternative tools were considered, but most of them were not compatible
with .NET projects or did not support advanced technical debt estimation frameworks. Therefore,
NDepend was selected based on its methodological depth, platform compatibility, and empirical support
in comparative studies.

In this study, NDepend version 2024.2.1 was used and the analyzes were performed on the Visual Studio
2022 IDE in a development environment with Windows 11 operating system. Thanks to the analysis
performed, it was possible to make a comparative evaluation between different versions. NDepend was
chosen because it provides the level of detailed metrics required by the study and offers the flexibility
to perform version-independent analysis. Compared to alternative tools, NDepend’s .NET-focused
analytical depth shows higher overlap with the purpose of this study.

2.4. Analysis Process and Method Followed

In this study, static code analysis was performed on different versions of selected open source .NET
applications and the obtained technical debt values were used to evaluate the variation between versions.
The analysis process was carried out systematically by following the same steps for all applications and
the comparability of the results was ensured. The details of this process are explained below.

First, after identifying the applications, stable versions of each application were manually downloaded
from the official repository on GitHub. Each version was organized under separate folder structures to
avoid confusion and preserve the integrity of the source files.

An independent NDepend project file was created for each version and the same analysis rules were
applied to all versions. This is especially important for measurement consistency. The set of metrics
used during the analysis was kept constant; only the technical debt metric was focused on. The analysis
operations were completed efficiently thanks to the user interface provided by NDepend.

After each version analysis, the obtained technical debt values were exported via HTML formatted
reports produced by NDepend. The data was compiled in Microsoft Excel, processed in separate sheets
for each application and tabulated comparatively across all versions. Then, line charts were used to
visualize the changes between versions. During the visualization process, trends of increasing,
decreasing and fluctuation of the technical debt value were highlighted.

Since the code sizes of the applications are quite different from each other, an approach based on ratios
rather than direct absolute values was adopted in order to make a fair comparison between the
applications. The order of the basic operations performed during the analysis process is given in Figure
1 as a flow chart.
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Figure 1. Flow chart of the method followed
3. Result and Discussion

In this study, different versions of four open source software projects, namely nopCommerce,
OrchardCore, RavenDB and ShareX, are analyzed in terms of technical debt metric using the NDepend
tool. The technical debt trend of each project across versions is evaluated both within itself and in
comparison with other applications.

The technical debt value for each version for nopCommerce is given in Table 1. Changes in the analysis
between versions are given in Figure 2. As seen in Figure 2, the technical debt in the nopCommerce
application, which was initially measured as 5.54%, decreased to below 5% in version 4.30. However,
with version 4.40, the technical debt ratio increased to 6.44% and continued to decrease with micro
changes in subsequent versions. In version 4.80.0, it changed significantly and approached almost 7%.
This trend shows that technical debt increases in major version transitions.

Table 1. Version-technical debt values for nopCommerce

Version Debt
3.80 5,54%
3.90 5,67%
4.00 5,66%
4.10 5,69%
4.30 4,83%
4.40 6,44%

4.40.1 6,45%
4.40.2 6,45%
4.40.3 6,44%
4.40.4 6,45%
4.50.0 6,35%
4.50.1 6,35%
4.50.2 6,36%
4.50.3 6,35%
4.50.4 6,35%
4.60.0 6,34%
4.60.1 6,34%
4.60.2 6,34%
4.60.3 6,33%
4.60.4 6,33%
4.60.5 6,34%
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Figure 2. Version-based technical debt values of the nopCommerce application

The technical debt value for each version of OrchardCore is given in Table 2. Changes in the analysis
between versions are given in Figure 3. As seen in Figure 3, the technical debt ratio in the OrchardCore
application remained stable at 3.5% for a long time. Although it fell below 3.5% starting from version
1.6.0, it approached 3.5% again in version 1.8.0. A significant improvement in technical debt was seen
in the transition to version 2.0.0, and the ratio fell to 2.9%. Since this version, the technical debt ratio
has remained low with minor fluctuations.

Table 2. Version-technical debt values for OrchardCore

Version Debt
0.0.1 3,53%
0.0.2 3,53%
0.0.3 3,53%
0.04 3,53%
1.0.0 3,53%
1.1.0 3,53%
1.2.0 3,53%
1.2.1 3,53%
1.2.2 3,53%
1.3.0 3,53%
1.4.0 3,58%
1.5.0 3,54%
1.6.0 3,47%
1.7.0 3,38%
1.7.1 3,38%
1.7.2 3,38%
1.8.0 3,45%
1.8.1 3,45%
1.8.2 3,46%
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Figure 3. Version-based technical debt values of the OrchardCore application

The technical debt value for each version for RavenDB is given in Table 3. The changes in the analysis
between versions are given in Figure 4. As can be seen in Figure 4, the technical debt in the RavenDB
implementation was initially measured at 5.6% and increased to 5.84% in version 5.4.104. The technical
debt ratio remained constant at this level in all subsequent versions and increased to 5.88% in version
5.4.202 with only minor fluctuations. This indicates a steady but limited improvement in debt
management.

Table 3. Version-technical debt values for RavenDB

Version Debt
5.4.100 5,60%
5.4.101 5,60%
5.4.102 5,61%
5.4.104 5,84%
5.4.105 5,84%
5.4.109 5,84%
5.4.110 5,85%
5.4.111 5,85%
5.4.112 5,85%
54.113 5,85%
5.4.114 5,85%
5.4.115 5,85%
5.4.116 5,86%
5.4.117 5,86%
5.4.118 5,85%
5.4.119 5,85%
5.4.202 5,88%
5.4.203 5,88%
5.4.204 5,89%
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Figure 4. Version-based technical debt values of the RavenDB application

The technical debt value for each version for ShareX is given in Table 4. The changes in the analysis
between versions are given in Figure 5. As seen in Figure 5, the technical debt in the ShareX application
started at 5.77% in version 13.0.0 and decreased to 5.33% by version 13.2.0. It stabilized at 5.4% in
subsequent versions. This trend shows that technical debt has been reduced and managed over time.

Table 4. Version-technical debt values for ShareX

Version Debt
13.0.0 5,77%
13.0.1 5,77%
13.1.0 5,71%
13.2.0 5,33%
13.2.1 5,33%
13.3.0 5,37%
13.4.0 5,37%
13.5.0 5,38%
13.6.0 5,40%
13.6.1 5,40%
13.7.0 5,40%
14.0.0 5,47%
14.0.1 5,47%
14.1.0 5,46%
15.0.0 5,42%
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Figure 5. Version-based technical debt values of the ShareX application

The findings of this study reveal distinct technical debt trends across four open source .NET applications
(nopCommerce, OrchardCore, RavenDB, and ShareX) analyzed across multiple versions using the
NDepend static analysis tool. The analysis showed that technical debt does not follow a uniform pattern
across all projects, but instead exhibits application-specific trends shaped by release strategy,
architecture, and possibly contributor dynamics.

As seen in Figure 2, nopCommerce’s technical debt percentage has shown significant increases in major
releases. The debt level started at 5.54% in the first release and decreased to 4.83% in version 4.30,
showing some initial improvements. However, there was a sharp increase to around 6.5% with the major
release of 4.40, followed by slight decreases in minor releases. The second increase was observed in
version 4.80, where the debt reached almost 7%. This pattern suggests that a significant amount of new
debt is incurred during major release transitions, most likely due to significant feature additions or
rapidly introduced architectural changes. In contrast, intervening minor releases allowed for incremental
refactoring or stabilization that modestly reduced the debt. Overall, nopCommerce’s trend has been
upward over time, meaning that if proactive debt management is not implemented during major
upgrades, the project accumulates “debt spikes” that increase the underlying debt level. These results
highlight the need for careful planning during major releases. Large transitions often create complexity
faster than it pays off, while smaller periods of change allow the team to pay off or stabilize some of its
debt.

In Figure 3, OrchardCore has exhibited a remarkably stable and low technical debt profile. Over a long
series of releases, the debt ratio has remained stable around 3.5%, which is significantly lower than other
projects. There were minor fluctuations with a slight drop below 3.5% in version 1.6.0, then returning
to 3.45% in version 1.8.0. In particular, a significant improvement occurred with the release of version
2.0.0. The technical debt ratio dropped to 2.92% and remained low in subsequent releases (with
insignificant fluctuations in the range of 2.9-3.1%). This suggests that OrchardCore not only maintained
a low debt level for a long time, but also took advantage of a major release to significantly reduce its
technical debt. One possible reason is OrchardCore’s highly modular architecture and emphasis on code
quality, which can limit the spread of debt by isolating components. The modular design appears to be
effective in debt management, as seen in the consistently low debt percentage. Moreover, the drop in
v2.0.0 suggests that developers are using this milestone for significant refactoring or architectural
optimization, fixing delays, and “paying off” debt. In summary, OrchardCore’s case demonstrates that
when solid architectural practices are in place, a project’s technical debt can remain both low and stable,
and major releases can serve as an opportunity to proactively reduce debt rather than incur it.

According to Figure 4, RavenDB’s technical debt has remained relatively constant across the versions
examined, with a slight upward drift. The debt percentage initially rose from 5.6% to 5.84% in version
5.4.104. Later, over the course of many incremental updates, the debt ratio remained essentially constant
at this level with only minor fluctuations, gradually increasing to approximately 5.90% in the last
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analyzed version. This trend suggests that RavenDB’s maintainers have managed to avoid any dramatic
accumulation of technical debt over time. The largely flat line suggests that as new features or changes
are introduced, efforts are made to offset the new debt (e.g., through code reviews or minor refactorings)
so that the overall debt remains constant. In other words, the team was likely paying the interest on the
technical debt as it accrued, keeping the underlying debt amount under control. The slight increase from
5.6% to 5.89% indicates a modest accumulation. This could be due to the inherent complexity of a
database system or a focus on performance optimizations rather than code cleanup. However, the lack
of major increases suggests a disciplined development approach where technical debt is constantly
monitored and managed with a slow burn. RavenDB’s profile can be viewed as a stable state of technical
debt. The project has not significantly reduced its current debt or allowed it to increase, reflecting a
containment strategy.

Figure 5 shows that ShareX follows the exact opposite trajectory to nopCommerce. Its technical debt
has decreased over time. Starting at 5.77% in version 13.0.0, the debt percentage has decreased to 5.33%
in version 13.2.0. It has stabilized at 5.4% in subsequent versions and has remained consistently lower
than its initial value, albeit with very small increases between versions. This downward trend suggests
that ShareX developers actively improved code quality in early 13.x versions and paid off the debt. After
version 13.0.0, the team seems to have made efforts to refactor and clean up the code in minor versions,
thus eliminating code smells or inefficiencies and resulting in a measurable decrease in debt. Once this
low debt base was reached, the project maintained it with only minor increases, suggesting that the new
debt introduced in subsequent versions was roughly offset by ongoing maintenance. ShareX’s trend
exemplifies successful technical debt management during evolution. Contributing factors to this
situation may include a relatively small scope, active community contributions focused on quality, or a
release policy that values resolving technical debt issues over adding new features. The basic idea is that
technical debt does not have to inevitably increase. Technical debt can be reduced and kept under control
throughout a project’s lifecycle with conscious effort.

In general, debt trends vary according to the type of software and development strategies. While debt
can increase rapidly in frequently changing commercial applications such as NopCommerce, debt can
remain at low levels in modular and planned projects such as OrchardCore. The RavenDB example
shows that debt can progress in a controlled manner, while the ShareX example shows that debt can be
reduced. These findings reveal that technical debt follows a different path in each project over time. The
changes observed in each project are affected not only by the code itself, but also by the development
approach, release frequency, and architectural preferences. Technical debt does not always have to
increase; it can be reduced or kept under control with the right strategies.

Researchers have called for moving beyond metaphor to systematic management of technical debt.
Kruchten et al. [19] emphasized the importance of technical debt in software engineering and that it
should be treated as a fundamental part of project management rather than an abstract concept. Our
multi-version analysis supports their claim. We find that unmanaged debt can undermine software
quality, but systematically addressing debt (as done in OrchardCore or ShareX) yields tangible quality
benefits. Our results highlight the importance of making technical debt visible and measurable in a
practical way.

This study is also consistent with the literature investigating how to define and measure technical debt.
Alves et al. [20] conducted a systematic mapping study of technical debt management and highlighted
the need for indicators to measure and monitor debt in projects. This study addressed this need by using
a static analysis tool (NDepend) to continuously measure debt across releases. This allowed for the
identification of when and where debt changed, which is exactly the type of monitoring they advocated.
This study also aligns with the empirical study of Emst et al. [21] who examined practitioners’
approaches to technical debt and highlighted that many teams struggle with whether to measure or
manage it. Importantly, they found that static analysis tools can effectively uncover technical debt items
and provide valuable support to developers. Our experience with NDepend confirms this; the tool was
effective in uncovering hidden issues and trends that were difficult to track manually. The fact that the
ShareX and OrchardCore teams were able to reduce debt suggests that they were likely paying attention
to such tool feedback or similar quality signals, while nopCommerce’s increases may indicate periods
when such feedback was underestimated or overridden by feature pressure.
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Another important issue is how the tools represent technical debt. Fontana et al. [22] discussed technical
debt indices provided by tools and stated that these indices provide an aggregate view of a project’s debt
and can be calculated by various static analysis platforms. The technical debt percentage from NDepend
used in this study is exactly such an index and is a composite measure that condenses a large number of
code issues into a single debt percentage. The fact that we use this index across multiple releases
demonstrates its practical utility. As suggested by Fontana et al., an index allows for high-level tracking
of debt evolution and cross-comparison across projects or releases. By presenting real-world data that
explain these concepts, this study strengthens the bridge between theoretical discussions of technical
debt and the practical realities observed in open source projects.

4. Conclusion

This study examined the evolution of technical debt across multiple versions of four open-source .NET-
based applications using version-based static analysis with the NDepend tool. The results revealed that
each project exhibited distinct patterns of technical debt change, shaped not only by the version structure
but also by project characteristics and potential architectural decisions. Rather than assuming that
technical debt naturally increases over time, the findings show that ShareX and OrchardCore
applications achieve debt reduction or stability throughout their evolution, indicating that effective debt
control is feasible even in open-source, community-driven environments.

This section discusses what the increases and decreases in technical debt observed in previous sections
of the applications mean. NopCommerce’s noticeable increase in technical debt after major version
migrations suggests that rapid feature delivery may be prioritized over code quality, likely due to limited
time for refactoring or internal review. OrchardCore, on the other hand, showed a consistent and well-
managed debt profile with a significant decrease around version 2.0. This suggests that the development
team made a deliberate effort to improve the internal code structure through extensive cleanup or
architectural improvements. RavenDB followed a more stable trajectory where small increases in debt
gradually accumulated but no major spikes were observed. This suggests that the team was continuously
implementing small improvements to prevent significant increases in technical debt and a strategy of
gradual containment rather than aggressive reduction. ShareX presented the opposite case where debt
levels gradually decreased over time, likely reflecting successful maintenance practices and attention to
code quality between feature additions. These differences suggest that technical debt is not simply a
natural consequence of software age or codebase size. Instead, it evolves as a result of project-specific
development strategies, architectural decisions, and how proactively a team manages quality during
release changes. Projects that incorporate regular refactoring or maintenance windows into their release
cycles are in a better position to control or reduce technical debt.

In practical terms, these situations suggest that development teams should integrate technical debt
tracking into their release planning, not as a general quality check, but with tools that can continuously
monitor metrics across multiple dimensions. It should be noted that in modular platforms that undergo
frequent integrations, such as CMS or e-commerce systems, technical debt is more likely to accumulate
and should be taken into account during major release transitions. Furthermore, prioritization strategies,
such as refactoring before release, should be clearly defined and integrated into the lifecycle. The
findings of this study suggest that failure to do so risks long-term quality erosion that may not be
apparent in short-term speed gains.

The changes in technical debt levels across versions in the analyzed applications are not only general
trends, but also significant numerical differences. For example, in nopCommerce, the technical debt
ratio decreased to 4.83% in version 4.30, but increased to 7% in version 4.80.0, approximately 2%,
indicating that major version transitions trigger technical debt accumulation. In the OrchardCore
application, technical debt remained at 3.5% for a long time, decreasing to 2.92% in version 2.0.0,
showing an improvement of nearly 20%. In RavenDB, the debt ratio increased from 5.60% in the first
version to 5.84% in version 5.4.104, and to 5.89% in the last version, showing a steady but limited
increase of 0.3%. ShareX, on the other hand, achieved an absolute improvement of 0.44%, decreasing
the rate from 5.77% in version 13.0.0 to 5.33% in version 13.2.0. These numerical findings reveal the
effects of software architecture, version migration strategies, and maintenance processes on technical
debt, and indicate that development teams should not only monitor trends but also analyze absolute
changes.
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As a result, it has been shown that technical debt is inevitable in software development processes but
can be managed with the right strategies. It is recommended that teams handle development activities
together with technical debt management, consider debt risks during version transitions, and develop
regular follow-up mechanisms to ensure sustainable quality.

In future studies, similar analyses can be performed on different software types and development
approaches, different analysis tools can be compared and debt management strategies can be considered
from a broader perspective, and different applications can be analyzed with various metrics. Such studies
will provide significant contributions to increasing the sustainability of software quality and to
understanding the effects of technical debt on the software life cycle in more depth.
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Bu ¢aligma, sinif dengesizliginin topluluk 6grenme algoritmalari tizerindeki etkisini kontrollii bir deneysel tasarim
ile incelemeyi amaglamaktadir. Calisma kapsaminda, Iris ve Wine veri setleri iizerinde dort farkli sinif dagilimi
senaryosu (orijinal, hafif, orta ve siddetli dengesizlik) uygulanmig ve her senaryoda Random Forest, Gradient
Boosting ve Bagging algoritmalari test edilmistir. Degerlendirmelerde yalnizca dogruluk degil, ayn1 zamanda
Macro-F1, Balanced Accuracy, G-Mean ve Cohen Kappa gibi ¢oklu performans metrikleri kullanilmistir. Elde
edilen bulgular, Gradient Boosting modelinin yiiksek dengesizlik diizeylerinde ciddi performans kayiplar
yasadigint; buna karsilik Random Forest algoritmasinin tiim senaryolarda kararli ve glivenilir sonuglar sundugunu
ortaya koymustur. Bu yoniiyle ¢alisma, sinif dengesizligine karsi dayanikli model seg¢iminin ve ¢ok boyutlu
metriklerle yapilan degerlendirmelerin 6nemini vurgulamaktadir.

Anahtar kelimeler: Simif dengesizligi, topluluk 6grenme, Random Forest, performans metrikleri, dengesiz veri
setleri

A SYSTEMATIC COMPARISON OF ENSEMBLE MODELS UNDER
CONTROLLED CLASS IMBALANCE SCENARIOS

ABSTRACT

This study aims to investigate the impact of class imbalance on ensemble learning algorithms through a controlled
experimental design. Four different class distribution scenarios (original, mild, moderate, and severe imbalance)
were applied to the Iris and Wine datasets, and three ensemble models Random Forest, Gradient Boosting, and
Bagging were evaluated in each scenario. Model performance was assessed using not only accuracy but also
multiple metrics such as Macro-F1, Balanced Accuracy, G-Mean, and Cohen’s Kappa. The findings reveal that
Gradient Boosting suffered significant performance degradation under high imbalance conditions, while Random
Forest consistently delivered stable and reliable results across all scenarios. These results highlight the importance
of selecting imbalance-resilient models and conducting evaluations using multiple performance indicators in
imbalanced classification tasks.

Keywords: Class imbalance, ensemble learning, Random Forest, performance metrics, imbalanced datasets

*Sorumlu Yazar/Corresponding Author: abdulhamidkarabiyik@ohu.edu.tr 41



https://doi.org/10.62301/usmtd.1701938
mailto:abdulhamidkarabiyik@ohu.edu.tr
https://orcid.org/0000-0001-7927-8790

Uluslararas: Siirdiirtilebilir Mithendislik ve Teknoloji Dergisi ISSN: 2618-6055 /1, (9), 41 — 50,2025

International Journal of Sustainable Engineering and Technology DOI: 10.62301/usmtd.1701938

1. Giris (Introduction)

Makine Ogrenmesi, giiniimiizde ¢ok c¢esitli alanlarda karar verme siireglerini otomatiklestirmek ve
optimize etmek amaciyla yaygin olarak kullanilmaktadir [1]. Bu uygulamalarin 6nemli bir kismi,
siniflandirma problemleri etrafinda sekillenmektedir [2]. Ancak siniflandirma modellerinin basarimu,
yalnizca kullanilan algoritmanin giiciine degil, ayn1 zamanda verinin yapisal 6zelliklerine de dogrudan
baghdir. Gergek diinya veri setlerinin 6nemli bir kismi, smiflar arasinda ciddi 6rnek sayisi
dengesizlikleri icermektedir [3]. Bu durum, 6zellikle azinlik siiflarin yeterince temsil edilemedigi
durumlarda, makine 6grenmesi modellerinin bu siniflar1 dogru tahmin edememesine neden olur [4].
Ozellikle dogruluk (accuracy) gibi yiizeysel metrikler, dengesiz veri setlerinde yaniltici sonuglar
dogurabilir. Bu tiir durumlarda, topluluk 6grenme yontemleri hem genel basariy1 artirmak hem de model
kararlihiginmi iyilestirmek amaciyla siklikla tercih edilmektedir [5]. Ancak, bu modellerin sinif
dengesizligine kars1 gosterdigi performansin ne 6lgiide tutarl ve giivenilir oldugu halen arastirilmaya
deger bir konudur.

Topluluk 6grenme yontemlerinin siniflandirma performansini artirmadaki basarisi, literatiirde bir¢ok
calisma tarafindan gosterilmistir [6—8]. Bu modellerin dengesiz veri setlerinde kullanimi da farkli
arastirmalarda ele alinmis; cogu zaman 6rnekleme stratejileri veya agirliklandirma teknikleriyle birlikte
degerlendirilmistir. Ancak bu c¢alismalarin énemli bir boliimii, sinif dengesizligini ikili siniflandirma
problemleriyle sinirli bir ger¢evede ele almakta ve analizlerini gogunlukla yalnizca dogruluk, AUC veya
ROC egrisi gibi sinirlt metrikler tizerinden gerceklestirmektedir [9—12]. Bununla birlikte, ¢ok smifli
dengesiz veri setlerinde farkli dengesizlik seviyeleri altinda topluluk modellerinin ne 6l¢iide kararli ve
basarili sonuclar verdigine dair sistematik ve ¢ok metrikli karsilagtirmalara olduk¢a simirli sayida
calismada yer verilmektedir. Ayrica, kiigiik olgekli ve ¢ok sinifli veri setleriyle yapilan kontrollii
deneylerin azlig1, bu alandaki genel gecer ¢ikarimlarin gegerliligini de sorgulanabilir hale getirmektedir.
Bu ¢alismada, ¢ok smifli siniflandirma problemlerinde sinif dengesizliginin etkisini sistematik bi¢imde
incelemek amaciyla, farkli seviyelerde kontrollii dengesizlik senaryolar1 olusturulmustur. Iki kiigiik
Olcekli veri seti (Iris ve Wine) iizerinde, ii¢ popiiler topluluk 6grenme modeli olan Karar Agaglar
Toplulugu (Random Forest), Artirmali Ogrenme (Gradient Boosting) ve Torbalama (Bagging)
yontemleri degerlendirilmistir. Her veri seti igin egitim ve test verileri sabit tutulmus; yalnizca egitim
verisine uygulanan %060, %80 ve %90 oranlarindaki &rnek dengesizlikleriyle model kararlilig
gozlemlenmistir. Boylece modellerin ayni test seti iizerinde, farkli egitim senaryolarinda gosterdigi
performans farkliliklar1 adil bir bicimde karsilagtirilabilmistir. Degerlendirme siirecinde yalnizca
dogruluk degil, ayn1 zamanda Macro-F1 skoru, Dengelestirilmis Dogruluk (Balanced Accuracy), G-
Mean, Cohen Kappa, Hassasiyet (Precision) ve Duyarlilik (Recall) gibi coklu metrikler dikkate alinarak,
her modelin giiclii ve zayif yonleri ¢cok boyutlu bir yaklasimla analiz edilmistir.

Sunulan yaklagimin temel katkisi, topluluk 6grenme yontemlerinin ¢ok sinifli simiflandirma
problemlerinde sinif dengesizligi karsisindaki dayanikliligini, cok metrikli ve sistematik bir yaklagimla
degerlendirmesidir. Ozellikle sabit test seti kullanilarak yalnizca egitim verisi iizerinde uygulanan farkli
dengesizlik seviyeleri sayesinde, modellerin 6grenme davranislari ve genelleme kapasiteleri dogrudan
gozlemlenebilmistir. Ayrica, ¢ok sayida degerlendirme metriginin birlikte kullanilmasi, yalnizca
dogruluk odakli degil, biitiinciil bir performans analizi yapilmasin saglamistir. Elde edilen bulgular,
hem akademik calismalar i¢in referans niteliginde karsilastirmali sonuglar sunmakta hem de dengesiz
veri setleriyle c¢alisan uygulayicilar igin model se¢imi konusunda pratik c¢ikarimlar tiretmektedir.
Makalenin devaminda, ikinci boliimde arastirmanin ydntemi, kullanilan veri setleri ve uygulama
adimlar1 detaylandirilmis; tiglincli boliimde deneysel bulgular sunulmus doérdiincii béliimde sonuglar
tartisilmis son boliimde ise genel degerlendirmelere ve gelecekteki ¢alisma Onerilerine yer verilmistir.

2. Materyal ve Metot (Material and Method)

Bu boéliimde, ¢alismada kullanilan veri setleri, uygulanan sinif dengesizligi senaryolari, tercih edilen
topluluk 6grenme modelleri, performans Slgiitleri ve deneysel diizenek ayrintili olarak agiklanmaistir.

2.1. Veri seti (Dataset)

Smif dengesizliginin etkilerini inceleyebilmek amaciyla, ¢cok sinifli yapiya sahip iki kiigiik 6l¢ekli veri
seti kullanmilmistir. Bu veri setleri Iris ve Wine veris setleridir [13,14]. Her iki veri setinin temel
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istatistiksel 6zellikleri Tablo 1'de 6zetlenmistir. Dengeli baslangi¢ yapilari sayesinde her iki veri seti de
farkli dengesizlik diizeylerinin kontrollii olarak uygulanmasina olanak saglamaktadir.

Tablo 1. Kullanilan veri setlerinin temel 6zellikleri

Veri Seti Ornek Sayis1 Ozellik Sayist Sinif Sayisi Simif DaghmiF1-Score
Iris 150 4 3 50/50/50
Wine 178 13 3 59/71/48

Tablo 1 incelendiginde, her iki veri setinin de ¢ok smifli yapiya sahip oldugu ve siniflar arasinda
baslangicta Iris veri seti tam ve Wine veri seti hafif dengeli bir dagilim gosterdigi goriilmektedir. Iris
veri seti tamamen dengeli bir yapiya sahipken, Wine veri setindeki kiiciik dengesizlik bile bazi siniflarda
temsil oranlarii anlamli bicimde etkileyebilmektedir. Ozellik sayis1 bakimindan Iris veri seti daha sade
ve diisiik boyutlu bir yap1 sergilerken, Wine veri seti daha fazla 6zellige sahip olmasi nedeniyle
modelleme acisindan daha karmagik bir Oriintii sunmaktadir. Bu farkliliklar, topluluk 6grenme
modellerinin hem smif dengesizligi hem de veri karmagiklig1 karsisindaki dayanikliligini test etme
acisindan degerli bir karsilastirma ortami saglamaktadir.

Her veri seti egitim ve test olmak iizere ikiye ayrilmistir. Dengesizlik senaryolar1 yalnizca egitim verisi
iizerinde uygulanmis; test seti tiim senaryolarda sabit tutularak modellerin farkli 6grenme kosullar
altindaki performanslarinin nesnel bigimde kiyaslanmasi saglanmaistir.

2.2. Siif Dengesizligi Senaryolar1 (Class Imbalance Scenarios)

Gergek diinya veri setlerinde siklikla karsilagilan sinif dengesizligi problemi, modellerin 6zellikle
azinlik simiflart dogru tahmin etme kapasitesini 6nemli Olgiide simirlayabilmektedir. Bu durumu
kontrollii bir bigimde analiz edebilmek amaciyla, egitim verileri {izerinde dort farkli simif dagilim
senaryosu olusturulmustur: orijinal (tam dengeli) dagilim ve ii¢ yapay dengesizlik diizeyi (hafif, orta ve
siddetli). Bu senaryolarin temsil ettigi sinif oranlar1 Tablo 2'de 6zetlenmistir.

Tablo 2. Uygulanan sinif dengesizlik senaryolar1

Senaryo Smif 1 (%) Sinif 2 (%) Sinif 3 (%) Aciklama

Orjinal 333 333 333 Tam dengeli egitim verisi
Hafif 60.0 20.0 20.0 Hafif dengesizlik
Orta 80.0 10.0 10.0 Orta diizey dengesizlik

Siddetli 90.0 5.0 5.0 Siddetli dengesizlik

Tablo 2’de verilen oranlar, her bir veri setinin egitim verisi lizerindeki 6rnek sayisina gore yeniden
ornekleme yoluyla uygulanmistir. Senaryolar, azinlik siniflarin giderek daha az temsil edildigi kurgusal
durumlari temsil etmektedir. Ozellikle siddetli dengesizlik senaryosunda, azinlik smiflar toplamin
yalnizca %5’ini olusturmaktadir. Boylece topluluk 6grenme modellerinin bu zorlu kosullar altindaki
kararlilig1 ve duyarlilig sistematik olarak test edilebilmistir.

Dengesizlik yalnizca egitim verisine uygulanmus; test verileri ise tiim senaryolarda sabit tutulmustur.
Bu yaklasim sayesinde, modellerin farkli 6grenme senaryolar1 karsisinda esit kosullarda
degerlendirilmesi saglanmis ve performans farklarinin yalnizca 6grenme siirecinden kaynaklanip
kaynaklanmadigi nesnel bicimde analiz edilebilmistir.

2.3. Topluluk Ogrenme Modelleri (Ensemble Learning Models)

Bu ii¢ modelin tercih edilmesinin temel nedeni, her birinin farkli bir topluluk stratejisini temsil etmesidir.
Random Forest, egitim sirasinda kullanilan veri alt kiimeleri ve rastgele secilen 6zellikler araciligiyla
cesitlilik saglar; bu yoniiyle asir1 6grenmeye (overfitting) karsi direngli bir yapi sunar. Gradient
Boosting, modelleri art arda egiterek Onceki hatalar1 diizeltmeye odaklanan artimli bir yaklasim
benimser. Bu yapi, daha yiiksek dogruluk potansiyeli sunsa da, ozellikle azinlik smiflarin yanlis

*Sorumlu Yazar/Corresponding Author: abdulhamidkarabiyik@ohu.edu.tr 43


https://doi.org/10.62301/usmtd.1701938
mailto:abdulhamidkarabiyik@ohu.edu.tr

Uluslararas: Siirdiirtilebilir Mithendislik ve Teknoloji Dergisi ISSN: 2618-6055 /1, (9), 41 — 50,2025

International Journal of Sustainable Engineering and Technology DOI: 10.62301/usmtd.1701938

Ogrenilmesine kars1 daha hassas bir davranig sergileyebilir. Bagging ise bootstrap drnekleme yontemiyle
olusturulan veri alt kiimeleri lizerinde 6greniciler egiterek model varyansini azaltir ve grenme siirecini
daha dengeli hale getirir. Bu ¢esitlilik, her bir modelin gii¢lii ve zayif yonlerinin farkli dengesizlik
diizeylerinde nasil ortaya ¢iktigini gézlemleme agisindan degerli bir karsilagtirma zemini sunmaktadir.

2.3.1. Random Forest

Random Forest, birden fazla karar agacinin bagimsiz olarak egitilmesi ve sonuglarin cogunluk oyu ile
birlestirilmesi esasina dayanan bir topluluk yontemidir. Agaclar, bootstrap yontemiyle olusturulan farkl
veri alt kiimeleri tizerinde egitilirken, her diigiimde rastgele secilen 6zellikler {izerinden en iyi boliinme
noktast belirlenir. Bu yaklagim, 6grenici modeller arasinda cesitlilik saglayarak genelleme basarisini
artirir [15,16]. Random Forest, sinif dengesizligi karsisinda goreli olarak kararli sonuglar verebilmesi
ve simuf etiketlerinden bagimsiz olarak boéliinme kararlar1 alabilmesi nedeniyle bu calismada
degerlendirmeye alinmistir.

2.3.2. Gradient Boosting

Gradient Boosting, zayif 6grenicilerin (¢ogunlukla karar agaclarinin) art arda egitildigi ve her yeni
modelin 6nceki modellerin hatalarini diizeltmeye ¢alistig1 artimli bir 6grenme yaklasimidir. Modelin her
adimda eksik kaldig1 oriintiileri telafi etmesi, karmagsik karar sinirlarin1 6grenebilmesini saglar. Ancak
bu hassasiyet, sinif dengesizligine karsi kirillganliga da neden olabilir [17,18]. Bu modelin ¢alismaya
dahil edilme nedeni, dogruluk potansiyelinin yiiksek olmasi ve dengesiz 6rnek dagilimlarinda nasil
davrandiginin sistematik bigimde gozlemlenmesinin istenmesidir.

2.3.3. Bagging Classifier

Bagging (Bootstrap Aggregating), farkli veri alt drnekleriyle egitilen zayif siniflandiricilarin bir araya
getirilmesiyle olusturulan bir topluluk modelidir. Her bir 6grenici model, bootstrap yontemiyle rastgele
secilmis veri alt kiimeleriyle egitilir; daha sonra tahminler birlestirilerek nihai karar iiretilir. Bu yaklagim
model varyansini azaltir ve 6grenme siirecini daha dengeli hale getirir [19,20]. Sif dengesizligi
durumlarinda siniflar1 dogrudan agirliklandirmadan calisabilmesi, Bagging yonteminin bu ¢aligmada
kullanilmasini motive eden baslica nedendir.

2.4. Degerlendirme Metrikleri (Evaluation Metrics)

Smif dengesizligi iceren ¢ok simifli veri setlerinde, yalnizca dogruluk (accuracy) gibi temel metrikler
kullanilarak yapilan degerlendirmeler yaniltici olabilir. Bu nedenle, model performansinin daha adil ve
biitiinciil bir sekilde oOl¢iilebilmesi i¢in ¢ok sayida degerlendirme metrigi birlikte kullanilmistir.
Kullanilan metrikler hem genel basariy1 hem de azinlik siniflara yonelik duyarlilig1 yansitan 6zellikler
tasimaktadir. Tablo 3, calismada kullanilan baslica metrikleri ve her birinin kisa agiklamasini
Ozetlemektedir.

Tablo 3. Calismada kullanilan degerlendirme metrikleri ve kullanim gerekgeleri

Metrik Kullanim Gerekgesi

Tim smiflar dikkate alindiginda dogru tahmin edilen 6rneklerin toplam igindeki oranidir.

Accuracy (Dogruluk) Dengesiz veri setlerinde yiliksek goriinebilir ama azinlik siniflar1 ihmal edebilir [21].

Her smif i¢in ayr1 ayri hesaplanan F1 skorlarinin ortalamasidir. Siif dagilimindan

Macro-F1 Skoru bagimsiz oldugu i¢in dengesiz veri setlerinde daha adil bir performans 6lgiitiidir [22].

Her smif igin dogru smiflandirma oranlarmin ortalamasidir. Ozellikle sinif sayilart

Balanced Accuracy dengesiz oldugunda daha giivenilir bir genel basar1 6l¢iisiidiir [23].

Pozitif tahminlerin ne kadarinin gergekten dogru oldugunu gosterir. Yanlis pozitifleri

Precision (Hassasiyet) azaltmak agisindan onemlidir [24].

Gergek pozitiflerin tahmin basarina odaklanan bir metirktir. Azinlik siniflarin tespiti igin
kritiktir [24].

G-Mean Her smnif i¢in duyarlilik skorlarinin geometrik ortalamasidir. Siniflar arasi dengeyi
yansitir, 6zellikle dengesiz veri setleri i¢in anlamlidir [25].

Recall (Duyarlilik)
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Metrik Kullanim Gerekgesi

Tim siniflar dikkate alindiginda dogru tahmin edilen 6rneklerin toplam igindeki oranidir.

Accuracy (Dogruluk) Dengesiz veri setlerinde yiliksek goriinebilir ama azinlik siniflar1 ihmal edebilir [21].

Model basarimini rastgele simiflandirmayla karsilastirarak diizeltir. Yiiksek degerler,

Cohen’s Kappa modelin tahminlerinin istatistiksel olarak anlamli oldugunu gosterir [26].

Siniflara ait tahmin olasiliklarinin dogrulugunu dlger. Modelin ne kadar giivenle tahmin

Log Loss yaptigina dair bilgi verir [27].

Bu metriklerin birlikte kullanilmasi, yalnizca genel basariy1 degil, ayn1 zamanda azinlik siniflarin dogru
taninma diizeyini ve modelin kararliligin1 da detayli bigimde analiz etmeye olanak tanimaktadir.
Boylece topluluk 6grenme algoritmalarinin sinif dengesizligi altindaki davranislar1 daha gercekei ve cok
boyutlu sekilde degerlendirilmistir.

2.5. Deneysel Altyap: (Experimental Framework)

Tiim deneysel siiregte veri setleri, sinif dagilimlar korunacak sekilde %80 egitim — %20 test seti olarak
ikiye ayrilmigtir. Bu ayrim sirasinda katmanli 6rnekleme (stratified sampling) yontemi kullanilmis ve
deneylerin tekrarlanabilirligini saglamak amaciyla sabit bir rastgelelik tohumu (random seed) tercih
edilmistir [28]. Degerlendirme siirecinde yalnizca egitim verileri {izerinde dengesizlik senaryolar
uygulanmius; test seti tiim senaryolarda sabit tutularak modellerin farkli 6grenme kosullar1 altinda nesnel
bigimde karsilastirilmasi saglanmistir.

Dengesizlik senaryolari, sinif oranlar1 6nceden belirlenmis dort diizeye gore yapilandirilmistir: orijinal,
hafif dengesizlik, orta diizey dengesizlik ve siddetli dengesizlik. Her senaryoda, sinif dagilimlar
hedeflenen oranlara ulagacak sekilde yeniden 6rneklenmis; baskin siniflardan rastgele 6rnek ¢ikarilarak
rastgele alt 6rnekleme (random undersampling) uygulanmistir. Bu yontem, model egitiminde sinif
dengesizligini kontrollii bicimde simiile etmeye olanak tanimustir.

Bu calismada, kullanilan ii¢ topluluk 6grenme algoritmasi (Random Forest, Gradient Boosting,
Bagging) varsayilan hiperparametre degerleri ile degerlendirilmistir [29-31]. Hiperparametre
optimizasyonu bilingli olarak yapilmamistir. Bunun temel nedeni, modellerin sinif dengesizligine kars1
gosterdikleri tepkiyi yalnizca yapisal farkliliklar1 ve 6grenme stratejileri lizerinden karsilastirmaktir.
Hiperparametre ayarlari, 6zellikle Boosting tabanli yontemlerde modelin duyarliligini énemli 6lciide
etkileyebilmekte ve sonuclar1 degistirebilmektedir. Ancak bu tiir optimizasyonlar, deneysel kontrolii
azaltmakta ve model performanslarindaki farklarin yalmzca algoritma kaynakli m1 yoksa parametre
ayarindan mi1 kaynaklandigini belirsizlestirebilmektedir. Bu ¢alismanin amaci, algoritmalarin sinif
dengesizligi karsisindaki dogal dayaniklilik diizeylerini dogrudan gdzlemlemektir. Bu nedenle tiim
modeller ayni1 kosullarda, 6n ayarlarla test edilerek parametrik etkilerden arindirtlmis daha nesnel bir
karsilagtirma yapilmasi hedeflenmistir.

Deneyler Python programlama dili ile gergeklestirilmis; modelleme siirecinde Scikit-learn kiitiiphanesi,
veri setlerinin temininde ise Scikit-learn.datasets modiilii kullanilmistir [32,33]. Veri setlerinde yalnizca
etiketlerin sayisal forma doniistiiriilmesi ve temel bicimsel doniistimler yapilmig; 6zellik
standardizasyonu gerekli goriilmemistir.

3. Arastirma Bulgulari (Research Findings)

Bu boliimde, elde edilen bulgular sistematik olarak sunulmus ve hem model hem de dengesizlik
diizeyine gore karsilastirmali analizler yapilmistir. Ayrica, modellerin hangi kosullarda daha kararli ve
etkili sonuclar verdigi detayli grafiklerle desteklenerek ortaya konulmustur. Bulgular; dengesizlik
diizeyinin artisina karst metrik bazli performans degisimleri, modeller arasi farklar ve veri seti kaynakli
etkiler ¢ergevesinde ¢ok boyutlu bigimde tartigilmigtir.

3.1. Modellerin Dengesizlik Diizeylerine Gore Genel Performans (Overall Performance of the
Models Based on Imbalance Levels)

Sekil 1°de, dort farkli dengesizlik diizeyi altinda her modelin Macro-F1 skorlarindaki degisim ¢izgisel
olarak gosterilmistir. Grafik incelendiginde, dengesizligin artmasiyla birlikte tiim modellerde belirgin
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bir performans diislisii gézlemlenmektedir. Bu diisiis, 6zellikle Gradient Boosting modelinde daha
keskin olup, azinlik simiflarin sayica az oldugu senaryolarda bu modelin duyarlilik kaybma agik
oldugunu gostermektedir. Buna karsin, Random Forest ve Bagging algoritmalar1 daha stabil bir diigiis
sergileyerek yiliksek dengesizlik oranlarinda dahi daha basarili sonuglar vermistir. Iris veri setinde
gozlenen diisiis oranlari, Wine veri setine kiyasla daha az belirgin olup, bu durum veri yapisindaki
Ozellik sayisinin sonuglar iizerinde etkisini gostermektedir.
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o
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o
N
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—— RandomForest
—— GradientBoosting
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Sekil 1. Dengesizlik diizeyine gore Macro-F1 skorlarmin degisimi

Modellerin genel basar1 diizeylerini 6zetleyen Sekil 2 ise, bes farkli metrige gore tiim senaryolarin
ortalama skorlarini sunmaktadir. Bu 1s1 haritasi, 6zellikle Random Forest algoritmasinin tiim metriklerde
en yiiksek ortalama degerleri sagladigini agik¢a ortaya koymaktadir. Gradient Boosting ise, 6zellikle
Cohen Kappa ve G-Mean gibi dengesizlige duyarli metriklerde daha diisiikk performans gdstermistir.
Bagging modeli ise cogu durumda Random Forest’a yakin sonuglar {iretmis ancak 6zellikle Macro-F1
ve Balanced Accuracy gibi metriklerde zaman zaman daha degisken sonuglar vermistir.
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Sekil 2. Her modelin genel ortalama performans metrikleri

Bu iki gorselle birlikte degerlendirildiginde, sinif dengesizligi altinda topluluk 6grenme modellerinin
performans profilinin yalnizca dogruluk metrigine degil, daha duyarli metriklere gore de farklilagtig
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acikea goriilmektedir. Bu da model se¢iminin yalnizca genel dogruluga degil, degerlendirme baglamina
gore yapilandirilmasi gerektigini ortaya koymaktadir.

3.2.Model Bazh Karsilastirma Analizi (Model-Based Comparative Analysis)

Dort farkli dengesizlik diizeyi altinda gergeklestirilen degerlendirmelerde, topluluk 6grenme modelleri
arasinda performans acisindan anlamli farklar gozlenmistir. Ozellikle sinif dagilimimin bozuldugu
senaryolarda, modellerin dengesizlik karsisindaki direngleri ve genel kararlilik diizeyleri
belirginlesmistir.

Analiz sonuglari, Random Forest algoritmasinin tiim dengesizlik senaryolar1 boyunca en istikrarh
performansi gosterdigini ortaya koymaktadir. Bu model, 6zellikle azinlik siniflarin sayica zayif oldugu
durumlarda dahi yiiksek skorlar iiretmis ve metrikler arasi dalgalanma diizeyi diisiik kalmistir. Bagging
modeli de genel olarak Random Forest'a yakin sonuglar vermistir; ancak bazi senaryolarda (6zellikle
siddetli dengesizlik altinda) daha fazla performans dalgalanmasi gézlemlenmistir.

Buna karsilik, Gradient Boosting algoritmasi, 6zellikle orta ve siddetli dengesizlik senaryolarinda
belirgin sekilde diisiik skorlar liretmistir. Boosting yapisinin, ardisil 6grenme mekanizmasi nedeniyle
azinlik siniflar yeterince 6grenememesi bu diisiisiin temel nedeni olabilir. Bu durum, 6zellikle Macro-
F1, Balanced Accuracy ve G-Mean gibi dengesizlige duyarli metriklerde kendini acik bi¢imde
gostermistir.

Model karsilagtirmasint daha somut bigimde ortaya koyan Sekil 3, her modelin dort senaryo boyunca
elde ettigi ortalama G-Mean skorlarin1 sunmaktadir. Grafik, Random Forest'in simif dengesini en iyi
sekilde koruyan model oldugunu agikg¢a gostermektedir. Gradient Boosting ise ortalama G-Mean
skorlarinda diger modellere gore daha diisiik seviyede kalmistir. Bu da modelin dengesiz veri karsisinda
daha hassas oldugunu ve 6zellikle azinlik siniflarda siniflandirma basarisinin diistiigiinii gostermektedir.
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oo
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0.5
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Sekil 3. Modellerin Ortalama G-Mean Skorlar1 (Tiim Senaryolar)

Sonug olarak, sinif dengesizligi bulunan veri setlerinde yalnizca dogruluk degil, duyarliligi yiiksek
metriklere dayali karsilagtirmalar da yapilmali; model se¢imi bu ¢ok boyutlu degerlendirmeye gore
belirlenmelidir. Bu baglamda Random Forest, kararlilik ve dengesizlik toleransi agisindan en giiglii aday
olarak 6ne ¢ikmaktadir.

3.3. Veri Setine Ozgii Bulgular (Findings Specific to the Dataset)
Deneysel analizlerin veri seti diizeyinde ayristirilmasi, sinif dengesizliginin etkisinin yalnizca model

kaynakli degil, aynm1 zamanda veri yapisina bagh olarak da degistigini gostermektedir. Iris veri seti,
baslangigta tam dengeli bir sinif dagilimina ve yalnizca dort 6zellik igeren diisiik boyutlu bir yapiya
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sahiptir. Buna karsilik, Wine veri seti, baglangigta hafif dengesiz bir yapiya ve 13 6zellikten olusan daha
karmagik bir yapiya sahiptir. Bu yapisal farkliliklar, dengesizlik karsisindaki tepkiyi dogrudan
etkilemistir.

Ozellikle Wine veri setinde, dengesizlik diizeyinin artmasiyla birlikte tiim modellerde metrik bazli
performans diisiisleri daha belirgin sekilde gozlemlenmistir. Bu durum, hem veri setinin zaten
baslangicta tam dengeli olmamasi hem de yiiksek boyutlulugun modelin karar sinirlarint 6grenmesini
zorlagtirmastyla iligkilendirilebilir. Gradient Boosting, Wine veri setinde dengesizlige kars1 en zayif
performansi sergileyen model olurken; Random Forest ve Bagging bu veri setinde daha kararli bir basari
profili ¢izmisgtir.

Iris veri setinde ise dengesizlik diizeylerinin etkisi daha sinirli kalmis; 6zellikle Random Forest ve
Bagging modelleri senaryolar arasi daha az dalgalanma gdstermistir. Bu durum, veri setinin sade yapist
ve siniflar arasi ayrimin daha belirgin olmasi sayesinde modellerin daha giivenilir karar sinirlar
olusturabilmesiyle agiklanabilir. Bununla birlikte, siddetli dengesizlik senaryosunda Gradient Boosting
modelinin performansinin ciddi oranda diistiigii gozlemlenmistir. Bu diisiis, modelin azinlik sinif temsil
sayisindaki azalmaya kars1 oldukca hassas oldugunu bir kez daha ortaya koymustur.

Genel olarak degerlendirildiginde, veri setine Ozgii yapisal faktorler (6zellik sayisi, sinif ayrimi
belirginligi, baslangic dengesi) sinif dengesizligi altinda model davranislarini anlamada kritik rol
oynamaktadir. Bu nedenle model degerlendirmeleri yapilirken yalmzca metrik sonuglara degil, veri
setlerinin yapisal 6zelliklerine de dikkat edilmesi gerektigi ortaya konulmustur.

4. Tartisma ve Sonuc (Results and Discussion)

Bu c¢alismada, sinif dengesizliginin topluluk 6grenme algoritmalar1 izerindeki etkisi kontrolli bir
deneysel diizenekle analiz edilmistir. Dort farkli dengesizlik diizeyinde, iki ¢ok smifl1 veri seti ve li¢
yaygin topluluk modeli test edilmis; dogruluk, duyarlilik ve kararliligi yansitan ¢ok sayida metrik
iizerinden degerlendirme yapilmistir. Elde edilen bulgular, sinif dagilimi bozuldukca Gradient Boosting
modelinin performans kaybina agik oldugunu, buna karsin Random Forest algoritmasinin hem yiiksek
dogruluk hem de metrik bazli istikrar sagladigini ortaya koymustur. Bagging ise genel olarak dengeli
bir performans gostermis ancak bazi senaryolarda siniflar arasi dengesizliklere duyarli olmustur.

Sonuglar, model se¢iminde yalnizca dogruluk metrigine degil, Macro-F1, G-Mean ve Balanced
Accuracy gibi siif dengesini daha iyi yansitan Olgiitlere de odaklanilmasi gerektigini gostermektedir.
Ayrica, veri setinin yapist ve sinif ayriminin belirginligi, dengesizlik karsisinda model basarisini
dogrudan etkilemektedir. Bu baglamda, dengesiz veri setleriyle ¢alisirken hem algoritma hem de metrik
seciminde ¢ok boyutlu ve veriye 6zgii bir yaklasim benimsenmesi onerilmektedir.

Gelecek calismalarda, daha biiyiik ve daha karmasik yapiya sahip ¢ok smifli veri setleriyle benzer
karsilagtirmalarin yapilmasi onerilmektedir. Ayrica, Ornekleme tabanli dengeleme stratejilerinin
(6rnegin SMOTE, Borderline-SMOTE) entegre edildigi senaryolarda modellerin dayanikliligi daha
ayrintili sekilde analiz edilebilir. Bunun yaninda, hiperparametre optimizasyonunun etkisini izole eden
ek deneyler, modeller arasi1 farklarin daha adil bir zeminde degerlendirilmesini saglayabilir. Farkli
topluluk algoritmalarinin (6rnegin XGBoost, LightGBM, AdaBoost) degerlendirme kapsamina dahil
edilmesi de ¢alismanin kapsamini genisletmeye yonelik 6nemli bir adim olacaktir.
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ABSTRACT

In this study, the performance of different deep learning architectures is comparatively analyzed for the
classification of ear pathologies based on otoscopic images. The dataset included four basic classes: chronic otitis
media, ear wax obstruction, myringosclerosis and normal ear structure. The images were normalized at 224x224-
pixel resolution and made suitable for the model, and classification was performed using CNN, CNN-LSTM,
DenseNet121, ResNet50 and EfficientNet architectures. During the training and validation phases, performance
metrics such as accuracy, F1 score, precision, recall and loss values were calculated, and the class discrimination
power of the models was evaluated with ROC curves and complexity matrices. According to the results,
CNN+LSTM and DenseNet121 architectures showed the best performance with over 94% accuracy and high F1
score in both training and validation sets. Some transfer learning-based architectures such as EfficientNet and
ResNet50 showed low generalization performance. This study demonstrates the effectiveness of deep learning-
based models for computerized diagnosis of intra-ear diseases and provides an important basis for decision support
systems to be developed in this field.

Keywords: Deep Learning, Ear Diseases, Otoscopic Images, Image Classification.

OTOSKOPIiK GORUNTULER UZERINDE DERIN OGRENME KULLANARAK
YAYGIN KULAK PATOLOJILERININ SINIFLANDIRILMASI

0z

Bu calismada, otoskopik goriintiilere dayali kulak patolojilerinin siiflandirilmasi igin farkli derin 6grenme
mimarilerinin performansi karsilastirmali olarak analiz edilmistir. Veri kiimesi dort temel sinif igermektedir:
kronik otitis media, kulak kiri tikanikligi, miringoskleroz ve normal kulak yapisi. Goriintiiler 224224 piksel
¢oziiniirliikte normalize edilerek modele uygun hale getirilmis ve siniflandirma CNN, CNN-LSTM, DenseNet121,
ResNet50 ve EfficientNet mimarileri kullanilarak gergeklestirilmistir. Egitim ve dogrulama asamalarinda
dogruluk, F1 skoru, kesinlik, geri ¢agirma ve kayip degerleri gibi performans metrikleri hesaplanmis, modellerin
sinif ayirt etme giicii ROC egrileri ve karmasiklik matrisleri ile degerlendirilmistir. Sonuglara gére, CNN+LSTM
ve DenseNetl21 mimarileri hem egitim hem de dogrulama setlerinde %94"n tizerinde dogruluk ve yiiksek F1
skoru ile en iyi performansi gostermistir. EfficientNet ve ResNet50 gibi bazi transfer 6grenme tabanli mimariler
diisiik genelleme performansi gostermistir. Bu ¢aligma, kulak i¢i hastaliklarin bilgisayarli teshisi i¢in derin
6grenme tabanli modellerin etkinligini gostermekte ve bu alanda gelistirilecek karar destek sistemleri i¢in 6nemli
bir temel saglamaktadir.

Anahtar kelimeler: Derin Ogrenme, Kulak Hastaliklari, Otoskopik Gériintiiler, Goriintii Siniflandirma.
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1.Introduction

Ear diseases can cause health problems such as hearing loss, balance disorder and infection, which are
especially common during childhood [1]. Early and accurate diagnosis of such pathologies is critical for
both the success of the treatment process and the quality of life of the patient [2]. Since traditional
diagnostic methods are largely based on physician experience, they are open to subjective evaluations
and may vary in diagnostic accuracy [3]. Therefore, the use of image processing and artificial
intelligence-based diagnostic support systems is becoming increasingly important [4].

The intra-aural diseases targeted for classification in this study were divided into four main categories
with visually distinguishable pathological features based on otoscopic images [5]. Chronic otitis media
is characterized by prolonged inflammation of the middle ear and often perforation of the eardrum,
which can lead to hearing loss, discharge and balance problems [6]. Earwax plug is a condition in which
the auditory canal is completely or partially blocked by cerumen (earwax) and usually causes conductive
hearing loss [7]. Myringosclerosis is characterized by scar tissue with lime-like white opacities on the
tympanic membrane, mostly due to previous infections or ventilation tube placements [8]. Finally,
normal ear images represent the condition in which there are no pathological findings, and a healthy
eardrum can be observed with clear anatomical structures [9]. Such otoscopic classifications are the
basis for the training of computer-aided diagnostic systems [10].

In recent years, the successful results of deep learning algorithms in the analysis of medical images have
paved the way for a new approach in the automatic classification of intra-aural pathologies. In this
context, in this study, the performance of different deep learning architectures (CNN, CNN-LSTM,
DenseNet121, ResNet50, EfficientNet) in the classification of intra-aural diseases over otoscopic images
is systematically evaluated and performance measurement is performed with comparative analyses.

The organization of this study consists of five main sections. The first section, Introduction, describes
the purpose, scope and literature of the study, emphasizing the importance of ear diseases and the need
for automatic classification. In the second section, the literature on the topics examined in this study and
the analyses of previous studies are presented in detail. In the third section, the dataset used, image
processing steps, model architectures (CNN, CNN-LSTM, DenseNet121, ResNet50, EfficientNet) and
training processes are detailed. The fourth section includes the analysis part where the experimental
results are presented with graphs and tables and the findings are compared technically. Finally, in the
fifth section, an overview of the study is given, the results are summarized and recommendations for
future work are presented.

2. Related Works

In recent years, deep learning-based studies on computerized analysis of otoscopic images have led to
significant developments in the field of automatic diagnosis of ear diseases. Image-based artificial
intelligence systems aim to increase the accuracy and reliability in the detection of middle ear
pathologies, and different neural network architectures and data processing techniques have been tested
in this context.

Lee et al. [5], in their in-depth study of artificial intelligence-supported image analysis systems in the
diagnosis of middle ear diseases, revealed that models trained with transfer learning techniques can
provide high classification success even in limited data sets. Similarly, the CNN-based system
developed by Khan and colleagues [9] provided over 90% accuracy in distinguishing pathologies such
as chronic otitis media in oto-endoscopic images. Such approaches demonstrate the potential of image-
based decision support systems in clinical applications.

In Mtynczak and Kashani's study [7], a machine learning supported approach is proposed for the
detection of effusions in images obtained using shortwave infrared otoscopy. The study shows that
successful results can be obtained in the integration of alternative imaging technologies with diagnostic
systems. In addition, Mahdavi [8], in his literature review on inflammatory middle ear opacities, pointed
out the importance of identifying the distinctive visual features of lesions such as myringosclerosis and
chronic otitis media in otoscopic diagnosis processes.

The CNN-LSTM architecture proposed by Afify et al [4] was developed with the aim of improving
diagnostic accuracy by capturing spatial and sequential relationships in otoscopic images. The
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researchers stated that this model offers a strong classification performance especially in sequential data.
In addition, Singh and Raghuvanshi [11] obtained high success rates with a soft computing-based
classification approach in otoscopic images with fuzzy boundaries and showed that such algorithms can
work effectively even in images with uncertainty.

Viscaino et al [10] tested machine learning algorithms for the classification of various pathologies using
an otoscopic dataset presented on the Figshare platform, and significant successes were recorded,
especially in classical CNN and SVM-based systems. This dataset is used as a standard source in many
studies on otoscopic images.

Chan and Stephenson's clinical guideline [1] discusses the role of otoscopic examination in the diagnosis
of diseases such as otitis media, which is common in children, and how this can be enhanced by digitally
assisted diagnostic systems. Furthermore, Bone [3], in his comprehensive review of otoscopic
examination protocols, argues that Al-assisted analyses can improve reliability, especially in the
paediatric population.

On the other hand, studies on the adaptation of current deep learning structures such as the EfficientNet
architecture for ear pathologies [12] emphasize that each model should be customized according to the
data and the problem. In a systematic review by Rony et al. [13], it was revealed that various
architectures offer different levels of performance in pathologies such as cerumen impaction and
myringosclerosis and that there is no generalized architecture.

In conclusion, current trends in the literature show that deep learning plays an important role in
integrating image-based decision support systems into clinical diagnosis processes and that the choice
of architecture should be customized according to the data structure. The present study aims to extend
this literature and contribute to the classification of intra-aural pathologies with higher accuracy using
otoscopic images.

3. Material and Methods

In this section, the dataset used for the classification of intra-ear diseases is introduced. CNN, CNN-
LSTM, DenseNet121, ResNet50 and EfficientNet models were applied to train the dataset. The visual
data were pre-processed to a fixed size and normalized to be suitable for the model. Each model was
trained using the same training and validation set, and the success levels were systematically analyzed
with the metrics obtained.

3.1. Dataset

The image data used in this study were obtained from the open access dataset called "Ear Imagery
Database", shown in Table 1, shared by Michelle Viscaino and Fernando Auat Cheein on the Figshare
platform [14]. The dataset aims to provide a standardized resource for the classification of ear diseases
and medical image analysis. The images consist of real patient data acquired with otoscope devices in
clinical settings and cover various categories representing different ear disorders. The dataset is
organized to include several classes, each representing a specific pathological condition. These classes
include Chronic Otitis Media, Chronic Middle Ear Inflammation, Earwax Plug, Myringosclerosis and
Normal ear images (800 images). The dataset consisted of 800 otoscopic images, equally distributed
among four classes (200 images each for chronic otitis media, earwax plug, myringosclerosis, and
normal).

Table 1. Ear Imagery Database samples with classes

Class Samples

Chronic otitis
media
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Myrmsgits)sclero Earwax plug

Normal

Each model was trained using the Adam optimizer with an initial learning rate of 0.0001, a batch size
of 32, and a total of 50 epochs. The categorical cross-entropy loss function was used for multiclass
classification. Early stopping was applied with a patience value of 10 epochs based on validation loss to
avoid overfitting.

4. Findings and Results

Within the scope of the experimental study, the applicability of different deep learning architectures to
the in-ear disease classification problem was tested. The results obtained are shown in Table 2,
allowing the performance of each architecture in both training and validation phases to be evaluated
on multidimensional metrics. CNN+LSTM and DenseNet121 models achieved remarkably high
accuracy, F1 score, precision and recall values in both phases, significantly outperforming the other
architectures. This indicates that both the learning and generalisation capabilities of these models are
quite strong.

Table 2. Machine learning algorithms training and testing metric values

Metrics & CNN+LSTM ~ CNN  DenseNet12l ~ ResNet50  EfficientNet
Algorithms

Accuracy 1.0000 0.9842 1.0000 0.5741 0.2698
fl_m 1.0000 0.9832 1.0000 0.5703 0.0293
Loss 0.0029 0.0477 1.53¢7% 0.8785 1.4864
precision_m 1.0000 0.9842 1.0000 0.6735 0.1152
recall_m 1.0000 0.9823 1.0000 0.5082 0.0172
val_accuracy 0.8562 0.8562 0.9438 0.6187 0.2500
val fl_m 0.8526 0.8562 0.9395 0.5021 0.0e*%
val_loss 0.5708 1.1348 0.5325 0.7633 1.4109
val_precision_m 0.8556 0.8562 0.9417 0.5365 0.0e*%
val recall m 0.8500 0.8562 0.9375 0.4813 0.0e%

The CNN-+LSTM architecture has increased its capacity to represent sequential or complex spatial
relationships with the effect of LSTM layers that allow the modelling of the time dimension. The model
produced a very low loss value of 0.0029 with 100% training accuracy and F1 score. This value shows
that the classification process is almost error-free. Similarly, the DenseNet121 architecture also showed
100% success in the same training metrics. However, the accuracy rate (94.38%) and F1 score (93.95%)
of DenseNet121 in the validation phase are slightly superior to the validation performance (85.62%) of
CNN-+LSTM. This result suggests that CNN+LSTM may have a stronger tendency to overfitting. The
classical CNN architecture showed a balanced and stable performance in both training and validation
phases. In the training phase, a successful result was obtained with an accuracy of 98.42% and an F1
score of 98.32%, while the performance in the validation phase (accuracy: 85.62%, F1: 85.62%) was
lower compared to DenseNet121, but quite adequate.
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Furthermore, the validation loss (val loss: 1.1348) indicates that there is still potential for improvement
in the learning curve. The ResNet50 and EfficientNet models did not perform at the expected level
within the scope of the study. The training accuracy of ResNet50 was 57.41% and the F1 score was
57.03%, while only 61.87% accuracy and 50.21% F1 score were obtained in the validation phase. This
shows that the model does not adapt effectively to either the training data or the validation data. More
strikingly, EfficientNet architecture produced very low scores of 26.98% accuracy and only 1.72%
sensitivity in training, and almost zero success (F1: 0.00) in the validation phase. These results suggest
that EfficientNet is not well suited to this dataset or model configuration and suffers from a serious
learning problem.

Machine learning algorithms training and testing graphs shown in Table 3.

Table 3. Machine learning algorithms training and testing graphs

todel Accuracy

Model Accuracy Graph Loss Graph ROC Curve

,/\ ;/7/77

N os
\ / Fos

CNN+LSTM

CNN

DenseNet121

Resnet50

EfficientNet

Accuracy and loss graphs reflect that the CNN+LSTM model shows stable and high performance in
both training and validation sets. Accuracy clearly increases throughout the training process, while the
loss value remains low and stable. The ROC curve shows that the discrimination power between the
classes is quite high (the curves are close to the upper left corner) and the AUC values are around 1.0.
The confusion matrix confirms that accurate classification is performed with almost no room for error
between classes. The CNN architecture performed an effective learning process with a rapid increase in
the accuracy graph and a low loss value in training. In the validation data, although slight fluctuations
were observed in the curves, high accuracy and low loss were generally maintained. The ROC curve
shows that the discrimination between classes is strong, and the Confusion Matrix shows that the
confusion between classes remains at a very low level. The training accuracy graph of the DenseNet121
architecture shows that the model reaches high accuracy very quickly, while the loss graph shows very
low values.

The fact that the AUC values are close to 1.0 for almost all classes in the ROC curves proves the
discriminative power of the model between classes. Confusion matrix provides almost 100% accuracy
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in almost all classes. In the ResNet50 architecture, accuracy values rise and fall during the training
process and fluctuations are observed in the loss graph. This indicates that the model cannot fully adapt
to the data and experiences inconsistencies in the learning process. The ROC curves generally have
lower AUC values, and the curves are close to the 0.5 line, indicating that the model performs close to
randomly predicting some classes. Although the EfficientNet architecture aims for high performance
with a low number of parameters in literature, in this study it performed well below expectations. The
accuracy graph remains at low levels, and the loss value increases rapidly in the validation phase. The
ROC curves clearly show that it cannot distinguish the classes, and the AUC values indicate that the
classes are randomly predicted. Since the confusion matrix contains failed predictions in almost all
classes, it can be concluded that this model is not compatible with the current data set or problem.

To further investigate the poor performance of the EfficientNet architecture, an ablation study was
conducted. We examined different EfficientNet variants (B0, B1) and modified input normalization
schemes and batch sizes. None of these adjustments led to significant improvements, suggesting that the
model’s depth and compound scaling may not align well with the limited dataset size and visual patterns
in otoscopic images. Further analysis of misclassified images revealed that EfficientNet tended to
confuse wax obstruction and chronic otitis media cases, possibly due to similar background textures.

5. Conclusions

In this study, the performance of various deep learning architectures for the classification of intra-ear
diseases on otoscopic images is evaluated in detail. Experimental findings clearly show that
CNN+LSTM and DenseNet121 models achieve high accuracy, F1 score, precision and sensitivity values
in both training and validation processes. These two models stood out with their capacity to capture and
generalise complex spatial patterns in images of intra-aural pathologies. On the other hand, the classical
CNN architecture also provided balanced and reliable results, showing that effective classification is
also possible with simpler structures. On the other hand, more complex structures based on transfer
learning such as ResNet50 and EfficientNet have shown limited success in this context, and EfficientNet
could not distinguish between classes in the validation phase. This emphasises that the compatibility of
model architectures with specific problem types and datasets is not always directly proportional, and
that data set specific configurations are required.

Unlike prior studies that focus predominantly on binary classification (e.g., diseased vs. normal), this
work addresses the multiclass classification of four clinically distinct ear pathologies. Moreover, by
comparing both custom CNN models and popular transfer learning architectures on a standardized
dataset, this study provides a benchmark for future research in otoscopic image analysis.

In conclusion, this study not only demonstrates the significant potential of deep learning in the automatic
diagnosis of ear diseases but also contributes to the field by presenting the relative performance of
different model approaches in a comparative manner. It is predicted that the classification performance
can be further improved in future studies by examining the hyperparameter optimisation of the models
in detail.
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oz

Giiniimiizde artan veri trafigi ve 6l¢eklenebilir sistem gereksinimleri dogrultusunda, bulut bilisim altyapilarinda
kullanilan ag topolojilerinin performansi biiyiikk 6nem tagsimaktadir. Bu baglamda, 6zellikle veri merkezlerinde
tercih edilen Fat Tree, Z-Fat Tree ve RUFT-PL (Reduced Unidirectional Fat Tree with Parallel Links) topolojileri,
¢ok katmanli yapilari hem ag i¢i paket iletim performansi hem de baglanti arizalarina karsi gosterdikleri
dayaniklilik agisindan dikkat ¢ekmektedir. Bu ¢alismada, s6z konusu topolojilerin performanslari karsilastirmali
olarak degerlendirilmis ve farkli baglant1 arizas1 senaryolar1 altinda gosterdikleri iletim basarisi, gecikme siireleri
ve ag dayaniklilig1 analiz edilmistir. Elde edilen bulgular, paralel baglantilarin hata toleransini artirdigini, tam
baglantili yapilarda dengeli performans saglandigini ve diisiikk baglanti yogunlugunun ariza hassasiyetini
yiikselttigini gostermistir.

Anahtar Kelimeler: Bulut Bilisim, Ag Topolojileri, Hata Toleransi, Ag Performanst

PERFORMANCE AND FAULT TOLERANCE ANALYSIS IN CLOUD COMPUTING

NETWORK TOPOLOGIES
ABSTRACT

With the increasing volume of data traffic and the growing need for scalable systems, the performance of network
topologies used in cloud computing infrastructures has become critically important. In this context, the Fat Tree,
Z-Fat Tree, and RUFT-PL (Reduced Unidirectional Fat Tree with Parallel Links) topologies, which are especially
preferred in data centers, stand out with their multilayered structures in terms of both packet transmission
performance and resilience against link failures. In this study, the performance of these topologies is evaluated
comparatively under various link failure scenarios, focusing on transmission success, latency, and network
robustness. The findings reveal that parallel links enhance fault tolerance, fully connected structures offer balanced
performance, and reduced connection density increases sensitivity to failures.

Keywords: Cloud Computing, Network Topologies, Fault Tolerance, Network Performance
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1. Giris (Introduction)

Bulut bilisim, bilgi teknolojisinin bir iiriinden hizmete doniismesini saglayarak yazilim, platform ve
altyapr kaynaklarini internet tizerinden talep iizerine 6lg¢eklenebilir hizmetler olarak sunar. Uzak bir
konumdaki kaynaklara erisim, bunlarin yapilandirilmasi ve yonetilmesi, isletmelere fiziksel donanim ve
yazilim yiikleme ihtiyacin1 ortadan kaldirir. ABD Ulusal Standartlar ve Teknoloji Enstitiisii (NIST)'e
gore, bulut bilisim; sunucular, aglar ve uygulamalar gibi bilgi islem kaynaklarina kolayca erigim
saglayan, minimum yonetim c¢abasiyla hizla saglanabilen bir modeldir. Bulut bilisim, isletmelerin
ihtiyaglarina esnek ¢oziimler sunarak biiyiik miktarda veriyi yonetmeyi kolaylastirir [1-4]. Bulut
bilisim altyapisi, kullanicilara bulut bilisim kaynaklar1 ve hizmetleri sunmak icin gerekli olan
bilgisayarlari, depolama aygitlarini, ag tesislerini ve diger ilgili bilesenleri igerir [5].

Bulut bilisim, son kullanicilara talep iizerine g¢esitli hizmetler sunarak, isletmelerin ve kullanicilarin
uygulamalari fiziksel makinelerde barindirmadan kullanmalarini saglar ve internet iizerinden gerekli
kaynaklara kolay erisim imkani tanir. Hizla gelisen bu teknoloji, giderek daha fazla isletme ve kurumsal
uygulamanin barindirilmas: igin tercih edilmektedir [6,7]. Ancak, bulut tabanli hizmetlerin
yayginlasmasi, hem servis saglayicilar hem de kullanicilar i¢in hizmet giivenilirligi ve kullanilabilirlik
sorunlarini giindeme getirmektedir. Yiiksek performans, dl¢eklenebilirlik, giivenilirlik ve verimlilik gibi
avantajlar sundugu halde, performansla ilgili sorunlar, 6zellikle hata toleransi gibi kritik unsurlarin etkin
bir sekilde ele alinmasini zorunlu kilmaktadir. Bulut ortaminda, arizalar ve performans diisiisleri, gesitli
hata tiirlerinin bir sonucu olarak ortaya ¢ikabilir [8,9].

Genellikle hata, ariza ve basarisizlik terimleri birbiriyle karistirilarak kullanilir. Ancak, Hata Toleransh
Hesaplama terimlerinde, bu kavramlarin her birinin kendine 6zgii bir anlami1 vardir. Fault, bir sistemde
herhangi bir anda ortaya cikabilen temel kusur ya da bozukluktur. Eger bu ariza ele alinmazsa, sistemin
basarisiz olmasina yol acabilir. Error, bir arizanin sistemde gozlemlenebilir etkisidir. Failure, arizalarin
ve hatalarin ele alinamamasi durumunda, sistemin beklenen islevini yerine getirememesi durumudur.
Bulut biligim, dagitilmig bilgi islem yapisi nedeniyle kismi arizalarla karakterize edilir. Bu arizalar,
sistemin tamamen ¢Okmesine veya performans diisiislerine yol agabilir. Sistem bilesenlerinin,
diiglimlerin veya ag elemanlarinin herhangi birinde meydana gelen arizalar, sistemin g¢alismasini
tamamen durdurmaz, ancak kismi bir aksama olusturabilir. Bu durum, bulut sistemlerinin giivenilir ve
saglam olmasina ragmen, yiliksek performansl bilgi islem i¢in uygun ariza toleranst mekanizmalarinin
zorunlu hale gelmesini gerektirir. Hata toleransi (HT), bir sistemin arizalara ragmen beklenen islevleri
yerine getirme yetenegini ifade eder ve sistemin, donanim veya yazilim bilesenlerinde olusan arizalara,
gii¢ kesintilerine veya diger olumsuzluklara karsi dayanikli olmasimi saglar. Bu sekilde, sistemin
arizalardan veya hatalardan etkilenmeden siirekli hizmet sunmasi saglanir.

Literatiirde, bulut bilisim ortamlarinda hata toleransi saglamak amaciyla birgok yontem kullanilmugtir.
Bu yontemler arasinda; kontrol noktasi olusturma [9], gorev kopyalama, is gocii, kendi kendini
iyilestirme [10], giivenlik ¢antas1 kontrolleri, S-korumasi, gorevlerin ayn1 veya farkli kaynaklarda
yeniden denenmesi ve yeniden gonderilmesi, zamanlama kontrolii, kurtarma ig akisi, yazilim yenileme,
yeniden yapilandirma, sanal makineler (VM) i¢in yiik paylasimi ve devralma [1] yer almaktadir. Ayrica
kotii arka ug algilama, yumusak sistemler icin kesin olmayan hesaplamalarin bir sonraki asamaya
gecirilmesi, kodlama ve kod ¢6zme gibi ¢esitli teknikler de uygulanmaktadir. Hata ya da ariza algilama
tekniklerinin evrimi, baglangicta sistem performans kayitlarmin analizine dayanmistir. Ancak bu
yontemlerin bazi dezavantajlar1 ve veri madenciligine dayali algilama siniflandirmasindaki
verimsizlikler nedeniyle, istatistiksel Ogrenme teorileri hata algilama amaciyla kullanilmaya
baslanmigtir. Bu baglamda, makine 6grenimi tabanli tekniklerin kullanimi giderek yayginlagsmustir.
Destek Vektor Makineleri (SVM), Destek Vektor Veri Agiklamasi (SVDD), K-ortalama kiimeleme,
Bayes sinir aglar1 gibi yontemler bu alanda yaygin olarak tercih edilmektedir [11]. Bu yontemler, hata
tespitinde daha yiiksek dogruluk oranlar1 ve sistemlere uyum saglayabilme ozellikleri nedeniyle 6ne
¢ikmaktadir.

Bu caligsmada, bulut bilisim altyapilarinda yaygin olarak kullanilan ii¢ farkli ¢ok katmanli ag topolojisi
olan Fat Tree, Z-Fat Tree ve RUFT-PL modelleri incelenecek ve karsilastirmali olarak analiz edilecektir.
S6z konusu topolojiler, veri merkezlerinde yiiksek bant genisligi, diisiik gecikme, esneklik ve hata
toleransi gibi temel gereksinimleri karsilamaya yonelik olarak tasarlanacaktir. Calismada, bu yapilarin
performanslari, 6zellikle paket iletim basarisi, gecikme siireleri ve baglanti arizalarina karsi dayaniklilik
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kriterleri ¢ergevesinde degerlendirilecektir. Her bir topoloji i¢in Python ortaminda gelistirilen
simiilasyon senaryolar ile, belirli ariza oranlarinda agin basarim test edilecek ve sonuglar grafiksel
olarak sunulacaktir. Elde edilen veriler, ag mimarisi se¢ciminde topolojik yapilarin sistem giivenilirligi
ve performansi {izerindeki etkilerini ortaya koyacaktir.

2. Bulut Bilisim Modelleri (Cloud Computing Models)

Bulut bilisim donanim bilesenleri ¢gogunlukla kurumsal veri merkezlerinde bulunur. Bunlar, giivenlik
duvarlari, anahtarlar ve yonlendiriciler gibi kararli depolama ve ag aygitlar1 sunan c¢ok c¢ekirdekli
sunuculari, kati hal siiriiciilerini ve sabit disk siiriiciisiinii kapsamaktadir. Sekil 1.’de bulut bilisim genel

mimarisi goriilmektedir.

Veri Merkezleri

4 =T e
I___! ——

Uygulamalar Disk Unitesi

Sunucular Sanal Masatlstii Yazilim Platformu Yo

e B TITT |l
; —————
Ad Anahtarlan Yonlendiriciler

Sekil 1. Bulut Biligim genel mimarisi

Bu donanim bilesenlerinin disinda, sanallagtirma yazilimi gibi bulut hizmeti modelini destekleyen
yazilim bilesenleri de bulut bilisim altyapisi olarak adlandirilir. Sanallagtirma yazilimi, bulut
kaynaklarinin bir soyutlamasini saglar ve bu kaynaklar1 genellikle Uygulama Program Arayiizleri (API
— Application Programming Interfaces) veya diger komut satir1 ve/veya grafik arayiizleri kullanarak
kullanicilara sunar. Bulut hizmet saglayicilar1 (CSP — Cloud Service Providers) tarafindan barindirilan
sanallastirilmis kaynaklar, genellikle Internet iizerinden kullanicilara sunulur.
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— Genel (Public) Bulut

— Ozel (Private) Bulut

Bulut Dagitim
Modelleri

Topluluk
(Community) Bulut

— Hibrit Bulut

Yazihm Hizmeti
(Saas)

Bulut Modelleri
|

Platform Hizmeti
(Paas)

Bulut Hizmet
Modelleri

Herhangi bir Hizmet
(Xaas)

Altyapi Hizmeti
(laas)

Sekil 2. Bulut Bilisim Modelleri

Genel, Ozel, Topluluk ve Hibrit Bulut olmak iizere dort temel bulut bilisim dagitim modeli
bulunmaktadir [12]. Genel Bulut, altyapi ve yazilim kaynaklarinin internet {izerinden {igiincii parti
saglayicilar (6rnegin AWS, Azure, GCP) araciligiyla sunuldugu, ¢ok kullanicili ve maliyet etkin bir
modeldir. Kaynaklar ortak kullanilarak kullanicilar yalnizca tlikettikleri hizmet kadar 6deme
yapmaktadirlar [13]. Ozel Bulut yapilari, yalnizca bir organizasyona tahsis edilen, genellikle kurum ici
veri merkezlerinde ya da 6zel altyapilarda barindirilan bir modeldir [14]. Daha fazla kontrol, giivenlik
saglamaktadir. Bu durum finansal kurumlar, devlet kurumlar1 gibi yiiksek giivenlik gerektiren yapilar
icin tercih edilmektedir. Ancak, kurulum ve bakim maliyetleri yiiksektir. Topluluk Bulut, benzer
regiilasyonlara, giivenlik ve islem gereksinimlerine sahip organizasyonlar arasinda paylasilan bir model
olup, saglik, egitim ve kamu gibi sektorlerde maliyetleri paylagarak giivenli bir ortak ortam sunmaktadir
[15]. Son olarak, Hibrit Bulut modeli, 6zel ve genel bulut yapilarinin birlikte kullanildig1 esnek bir
¢coziimdiir. Kritik veriler 6zel bulutta saklanirken, daha az hassas islemler i¢in genel bulut kaynaklar
kullanilir [16]. Bulut bilisim hizmet modelleri, kuruluslarin dijital altyap1 ve yazilim ihtiyag¢larini esnek,
Olceklenebilir ve maliyet etkin bir sekilde karsilamak amaciyla farkli katmanlarda sunulmaktadir.

Bulut bilisim hizmet modelleri, organizasyonlarin dijital altyapt ve yazilim ihtiyaglarin1 esnek,
Olceklenebilir ve maliyet etkin bir sekilde karsilamak amaciyla farkli katmanlarda sunulmaktadir.
Altyapr Hizmeti Olarak Sunulan Hizmet (IaaS) modeli, kullanicilarin fiziksel donanim yatirimi
yapmadan sanal sunuculara, veri depolama alanlarina ve ag kaynaklarina internet {izerinden erigsmesini
saglamaktadir [17]. Bu modelde, donanimin yonetimi hizmet saglayicisi tarafindan gergeklestirilirken,
kullanicilar sistemler iizerinde genis kontrol imkanina sahip olur. Platform Hizmeti Olarak Sunulan
Hizmet (PaaS) ise altyap1 yonetimini tamamen soyutlayarak yazilim gelistiricilere uygulama gelistirme,
test etme ve dagitma siireclerini yonetebilecekleri biitiinlesik bir ortam sunmaktadir [18]. Yazilim
Hizmeti Olarak Sunulan Hizmet (SaaS) modeli ise son kullaniciya, herhangi bir kurulum yapmaya gerek
kalmadan dogrudan internet {izerinden erisilebilen yazilim ¢6ziimleri sunmaktadir [19]. Yazilimlarin
tiim bakim, giincelleme, yedekleme gibi teknik iglemler hizmet saglayicisi tarafindan yiiriitiilmektedir.
Herhangi bir Hizmet Olarak Sunulmasi (XaaS) yaklagimi, glivenlik, analitik, veri yonetimi, ag servisleri
gibi ¢ok daha genis bir bilgi teknolojisi kaynaklarinin servis olarak sunulmasini miimkiin kilmaktadir
[20].

3. Bulut Bilisim Ag Topolojileri (Cloud Computing Network Topologies)
Bulut bilisim ag topolojileri, veri merkezleri ve dagitik sistemler arasinda yiiksek bant genisligi, diisiik

gecikme ve Ol¢eklenebilirlik saglayarak, bulut hizmetlerinin giivenilir ve verimli bir sekilde sunulmasini
miimkiin kilan mimari yapilardir [21]. Bu baglamda, farkli performans ihtiyaglarina ve sistem

*Sorumlu Yazar/Corresponding Author: huseyingokmen@sdu.edu.tr 61



https://doi.org/10.62301/usmtd.1703696
mailto:huseyingokmen@sdu.edu.tr

Uluslararas: Siirdiirtilebilir Miihendislik ve Teknoloji Dergisi ISSN: 2618-6055/9, (1), 58 — 69, 2025

International Journal of Sustainable Engineering and Technology DOI: 10.62301/usmtd.1703696

gereksinimlerine gore cesitli topoloji modelleri gelistirilmistir. Bu modeller arasinda donanim
seviyesinde yiiksek kapasiteli anahtarlarin omurgay1 olusturdugu anahtar (switch) merkezli topolojiler
(6rnegin Spine-Leaf [22], Fat-Tree [23] ve RUFT-PL [24]) ile her sunucunun birden ¢ok ag arabirimi
iizerinden paket iletimi ve yonlendirme islevine katildigi sunucu-merkezli topolojiler (BCube [25],
DCell [26], Jellyfish [27] vb.) One ¢ikar. Switch-merkezli mimariler, ASIC tabanli switch donanimlari
sayesinde uctan uca diisiik gecikme ve yiiksek bant genisligi sunmaktadir. Sunucu-merkezli yaklagimlar
her bir sunucuyu hem hesaplama hem de yénlendirme diigiimii haline getirerek agin 6l¢eklenebilirligini
ve hata toleransini artirmaktadir. Her iki model de omurga-yaprak (spine-leaf) veya ¢ok katmanli Clos
benzeri diizenler temelinde sekillenir. Boylece artan trafik yiikii ve dagitik uygulama gereksinimleri
karsilanirken, kaynak kullanimi1 ve yedeklilik dengesi optimize edilir. Fat Tree, Z-Fat Tree, RUFT,
RUFT-PL, VL2, DCell, BCube ve Clos gibi topolojiler [28], ag yapisinin esnekligi, hata toleransi,
maliyet etkinligi ve trafik yonetimi gibi farkli avantajlar sunmaktadir. Bu topolojiler, 6zellikle bulut
bilisim ortamlarinda biiyiik veri trafigini dengelemek, ag darbogazlarini 6nlemek ve hizmet siirekliligini
saglamak amaciyla tercih edilmektedir. Bu modeller, hem klasik hem de gelismis yapilari temsil ederek
bulut bilisim altyapilarinin giiclii ve zayif yonlerinin analizine olanak saglamaktadir.

Bulut bilisim ag topolojileri, genellikle cok katmanli bir mimari yapi iizerine kuruludur. Bu yap1 veri
merkezlerinde ag trafiginin verimli, giivenli ve dlgeklenebilir bir sekilde yonetilmesini saglar. Ozellikle
switch merkezli topoloji olan Fat Tree, Z-Fat Tree ve RUFT-PL gibi topolojilerde yaygin olarak
kullanilan bu yap1, U¢ (edge) katmani, Toplama (aggregation) katmani ve Cekirdek (core) katmamn
olmak lizere li¢ temel katmandan olusur [28]. Edge katmani, agin en alt seviyesinde yer alir ve
sunucularin dogrudan baglandig1 anahtarlardan olusur. Yerel veri trafigi bu katmanda baglar ve iist
katmanlara iletilir. Toplama katmani, ug ile ¢ekirdek katmanlar1 arasinda koprii goérevi goriir ve verilerin
yonlendirilmesi, filtrelenmesi gibi islemleri gerceklestirir. En iistte yer alan core katmani ise agin
omurgasini olusturur. Veri merkezi boliimleri arasinda yiiksek bant genisligine sahip veri iletimini
saglamaktadir. Bu katmanl yapi, agin modiilerligini ve dlgeklenebilirligini artirirken, ayni1 zamanda yiik
dengeleme ve yedeklilik gibi 6zelliklerle agin gilivenilirligini giiclendirir. Bulut bilisim altyapilarinda
binlerce sunucunun etkin ve esnek bigimde birbirine baglanabilmesi i¢in bu hiyerarsik yap1 kritik bir rol
oynamaktadir [28].

3.1. Fat tree topolojisi (Fat tree topology)

Fat Tree topolojisi, veri merkezleri ve biiyiik 6l¢ekli ag altyapilari i¢in tasarlanmis, ¢ok katmanli,
simetrik ve Olceklenebilir bir ag mimarisidir. Bu yapi, geleneksel aga¢ (tree) topolojisinin tikanma
(congestion) sorununu ¢ézmek amaciyla gelistirilmistir. [29]

Fat Tree topolojisi, her biri k portlu anahtarlardan (switch) olusan simetrik ve ¢ok katmanli bir ag

mimarisi olarak tanimlanir. k degeri, topolojinin boyutunu belirleyen temel parametredir. Verilen
k € N (tek say1 olmamak iizere), asagidaki sayisal ozellikler elde edilir;

Her biri % edge ve % aggregation anahtari iceren k adet pod bulunur. Toplam edge ve aggregation anahtar
sayist Denklem (1)’ e gore tespit edilir.

kK k?
Sedge = Sagg = kx; = B (1)

Toplam ¢ekirdek anahtar sayis1t Denklem (2)’ ye gore;

Score = (S)Z (2)

Toplam sunucu sayist Denklem (3)’ e gore;

kK k* Kk K3

Npost = Sedge-z = 7x5 =5 (3)

Elde edilir.
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Sekil 3’te k=2 ile elde edilen Fat Tree topolojisi goriillmektedir.

Core

Aggregration

Edge

Sekil 3. k = 2 i¢in Fat Tree Topolojisi
3.2. Z- Fat tree topolojisi (Z- fat tree topology)

Z-Fat Tree topolojisi, klasik Fat Tree mimarisinin baglanti yogunlugunu azaltmak ve sistem
kaynaklarin1 daha verimli kullanmak amaciyla gelistirilmistir. Desen tabanli (pattern-based) bir ag
mimarisidir. Fat Tree’ den farkli olarak edge ile aggregation katmanlar1 arasindaki baglantilar, belirli
baglant1 desenlerine gore smirlandirilmistir. Bu sayede agdaki toplam baglant1 sayis1 azaltilmistir. Bu
nedenle donanim maliyetleri ve enerji tiiketimi optimize edilmistir. Full, Cross, Diagonal ve
Upper/Lower iliggen Z — Fat Tree topolojisne ait desenlerdir. Full deseninde edge ve aggregation
kombinasyonlarinin tiimii baglanir. Cross desende yalnizca (i + j) mod 2 = 0 kosulunu saglayan edge
i ve aggregation j anahtarlar1 baglanir. Diagonal desende ise sadece i = j veyai + j = k — 1 olan giftler
baglanir[30]. Upper/Lower iiggen desenlerinde ise edge anahtarlar1 sadece ist/alt liggen bolgedeki
aggregation anahtarlar ile baglantilidir. Sekil 4’te k=2 ile elde edilen Full desenli Z-Fat Tree topolojisi
goriilmektedir.

Core

Aggregration

Edge

Sekil 4. k = 2 i¢in Z-Fat Tree Cross Topolojisi
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3.3. RUFT-PL topolojisi (RUFT-PL topology)

RUFT-PL (Reduced Unidirectional Fat Tree with Parallel Links) topolojisi, klasik Fat Tree mimarisinin
basitlestirilmis ve iyilestirilmis bir tlirevidir. “Reduced” ifadesi, gereksiz baglantilarin ortadan
kaldirilmasini; “Unidirectional”, yonlendirilmis (tek yonlii) veri akisini; “Parallel Links” ise iki diiglim
arasinda birden fazla baglantinin (paralel linkin) kullanilmasini ifade etmektedir. Edge katmanindaki
anahtarlar, dogrudan aggregation katmanindaki anahtarlara ve core anahtarlarina baglanmaktadir. Her
bir edge—aggregation veya aggregation—core baglantisi, birden fazla paralel fiziksel hatla
desteklenmektedir. Bu yap1 sayesinde, ayni hedefe birden fazla alternatif yol olugsmaktadir. Bu alternatif
yollar ag tikanikliklar1 oOnlemektedir. Ayni zamanda baglanti arizalarma karsi dayaniklilig
artirmaktadir. [31] Sekil 5’te k=2 ile elde edilen Full desenli RUFT PL topolojisi goriilmektedir

Core

D D D D Aggregration

Edge

Sekil 5. k = 2 icin RUFT-PL Cross Topolojisi

4. Arastirma Bulgulari (Research Findings)

Bu calismada, Fat Tree, Z-Fat Tree ve RUFT-PL topolojilerinin ag performans: ve hata toleransi
acisindan karsilagtirmali analizi yapilmistir. Simiilasyon siireci Python programlama dili kullanilarak
gerceklestirilmis ve ag topolojileri NetworkX [32] Kkiitiiphanesi aracilifiyla dinamik olarak
modellenmistir. Her topoloji i¢in belirli bir k=8 parametresi kullanilarak core, aggregation ve edge
katmanlar1 ile sunucular olusturulmus; baglantilar ise ilgili topolojinin baglanti kurallarina goére
otomatik olarak atanmustir. Paket akis1 simiilasyonu kapsaminda, edge katmanindan rastgele secilen bir
kaynak ve hedef diigiim arasinda en kisa yol belirlenmis ve bu yol iizerinden iletimin toplam gecikme
stiresi hesaplanmigtir. Ayrica, ag baglantilarinin belirli bir oran1 (%0—%60 arasi) rastgele devre dist
birakilarak her topoloji i¢in link arizasi senaryolar1 uygulanmis ve bu durumda paket iletiminin bagari
durumu Olglilmiistiir. Her senaryo icin simiilasyon 100 veya 1000 tekrar ile ¢aligtirilmis, bdylece
gecikme dagilimi, basar1 oran1 ve ag dayanikliligi istatistiksel olarak degerlendirilmistir.

Simiilasyon sonuglarina gore, her ii¢ topolojide de paketlerin hedefe basariyla ulastig1 ve basari oraninin
%100 oldugu goézlemlenmistir. Ancak, bu benzer basar1 oranlarina ragmen aglarin toplam gecikme
stireleri ve dagilim yapilari 6nemli farkliliklar géstermektedir.
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100 Paket Akisi Similasyonu
Basari Orani: 100.00% | Ortalama Gecikme: 7.71 ms

201

15 +

10 +

Simulasyon Sayisi

T T T T T
2 4 6 8 10 12
Toplam Gecikme (ms)

Sekil 6. Fat-Tree topolojisine gore gecikme dagilimi

Sekil 6’ya gore, Fat Tree topolojisinde, gecikme siireleri olduk¢a dengeli bir dagilim sergilemistir.
Ortalama gecikme 7.71 ms olarak ol¢iilmiss, simiilasyonlarin biiyiik ¢cogunlugu 6-9 ms araliginda
yogunlagsmistir. Bu dagilim, Fat Tree’nin diizenli ve esit sayida baglantiya sahip mimarisinin, veri
iletiminde tutarl ve kararli bir performans sundugunu gostermektedir.

Z-Fat Tree (k=8, full deseni) - 100 Paket Akisi
Basari Orani: 100.00%

254

204

15 4

Paket Sayisi

10 1

T T T T T
4 6 8 10 12
Toplam Gecikme (ms)

Sekil 7. Z-Fat-Tree topolojisine gore gecikme dagilimi

Sekil 7’ye gore, Z-Fat Tree (full baglanti desenli) topolojide ise gecikme siireleri biraz daha genis bir
aralikta dagilmistir. Basar1 oran1 yine %100 olmasina ragmen, gecikme siirelerinin saga dogru kaydigi,
yani bazi paketlerin daha yiiksek gecikmelere maruz kaldigi goriilmektedir. Bu durum, baglanti
sayisinin fazla olmasmin sagladigi yedeklilige ragmen, bazi rotalarin daha uzun olabilecegini ve bu
nedenle gecikme siirelerinin artabilecegini ortaya koymaktadir. Bu yap1, performans agisindan esneklik
saglasa da, gecikme agisindan daha az 6ngoriilebilir bir karakteristik sergilemektedir.
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RUFT-PL: 100 Paket Akisi Similasyonu
Basari Orani: 100.00% | Ortalama Gecikme: 7.26 ms

Simiilasyon Sayisi

T T T T
4 6 8 10
Toplam Gecikme (ms)

Sekil 8. RUFT-PL topolojisine goére gecikme dagilimi

Sekil 8’e gore, RUFT-PL topolojisi, en diisiik ortalama gecikmeye (7.26 ms) sahip olmasiyla 6ne
cikmaktadir. Yapisinda bulunan paralel baglantilar, verinin farkli ve daha kisa yollar iizerinden
aktarilabilmesine olanak tanimakta ve bu sayede gecikme siirelerinin diismesini saglamaktadir. Gecikme
dagilimi, Fat Tree’ye benzer sekilde simetrik ve kararli bir goriinlim sunarken, gelismis baglanti
yedekliligi sayesinde hem diigiik gecikme hem de yiiksek giivenilirlik saglamaktadir.

100 4

80 A

60

40 -

Basar Orani (%)

20 A

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Ariza Orani

Sekil 9. Fat-Tree topolojisine gore baglanti arizasi ve iletilen paketlerin basari orani

Sekil 9’a gore, Fat Tree topolojisi, %0 ile %30 arasi ariza oranlarinda yiiksek basari oranini
korumaktadir. Ancak %40 seviyesinden itibaren basarinin hizla diismeye basladigi, %70 ariza oraninda
ise basar1 oraninin %45’in altina indigi goriilmektedir. Bu durum, Fat Tree mimarisinin belirli bir yedek
baglant1 kapasitesine sahip oldugunu, fakat bu kapasitenin Otesinde kritik baglantilarin kaybiyla
iletisimin sekteye ugradigin1 géstermektedir. Baska bir deyisle, Fat Tree yapist sinirlt ariza toleransina
sahiptir ve yiiksek oranda baglant1 kaybi sistemin genel performansini ciddi sekilde etkileyebilmektedir.
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Sekil 10. Z-Fat-Tree topolojisine gére baglant1 arizas1 ve iletilen paketlerin basar1 orani

Sekil 10’a gore, Z-Fat Tree topolojisi, full baglant1 deseni kullanilarak tasarlanmis olmasina ragmen,
ariza oram1 %40’a ulastiginda basar1 oraninda belirgin bir diisiis gdstermektedir. Ilk %30’luk ariza
oraninda sistem oldukg¢a kararli sekilde calismaya devam ederken, %40 ve iizeri oranlarda paket
iletiminin sekteye ugradig1 anlasilmaktadir. Z-Fat Tree yapisinin daha az baglantiyla daha hafif bir ag
yapis1 sunmasl, sistem kaynaklari agisindan avantaj olustursa da, bu durum ayni zamanda yiiksek ariza
oranlarinda performans kaybina daha a¢ik hale gelmesine neden olmaktadir.
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Sekil 11. RUFT-PL topolojisine goére baglanti arizasi ve iletilen paketlerin basar orani

Sekil 11’e gore, RUFT-PL topolojisi ise test edilen ii¢ yapi arasinda en yiiksek dayaniklilig
sergilemistir. %60 ariza oranina kadar bagar1 oran1 %95’in iizerinde korunmustur. Bu yapi1, edge ve
aggregation katmanlan ile aggregation ve core katmanlari arasinda birden fazla paralel baglanti
igerdiginden, arizali baglantilar aktif iletisimi biiyiik dlgiide etkilememektedir. Bu durum, RUFT-PL
topolojisini 6zellikle yiiksek giivenilirlik, yedeklilik ve servis siirekliligi gerektiren sistemler i¢in son
derece uygun kilmaktadir. Agin 6nemli bir kismi devre dis1 kalsa dahi, alternatif yollar sayesinde iletisim
devam edebilmektedir.

5. Tartisma ve Sonuc (Discussion and Conclusion)

Bu caligsmada, ii¢ farkli veri merkezi ag topolojisi olan Fat Tree, Z-Fat Tree (cross baglanti desenli) ve
RUFT-PL yapilari, paket iletimi basarisi, gecikme performansi ve baglanti arizalarina kars1 dayaniklilik
agisindan karsilastirilmistir. Gergeklestirilen simiilasyonlar sonucunda, tiim topolojilerin diisiik ariza
oranlarinda yiiksek bagar1 oran1 sundugu, ancak ariza oranm ylikseldik¢e bu basar1 oraninin topolojinin
yapisal Ozelliklerine bagli olarak farklilastigi gézlemlenmistir. Fat Tree topolojisi diizenli yapisiyla
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dengeli bir performans sunarken, Z-Fat Tree 6zellikle belirli baglant1 desenleriyle gecikme agisindan
daha degisken sonuglar liretmistir. RUFT-PL topolojisi ise paralel baglantilarin sagladigi yedeklilik
sayesinde hem diisiik gecikme siireleri hem de yiiksek ariza toleransi ile en iyi genel performansi
gostermistir.

Literatiire katki acisindan, bu ¢alisma tii¢ farkli topolojiyi hem basar1 orani hem de gecikme dagilimi
acgisindan karsilagtirmali olarak analiz ederek, ariza toleransi perspektifinden farklarini sistematik
bicimde ortaya koymaktadir. Onceki ¢alismalarin ¢ogunda bu tiir karsilastirmalar yalnizca bant genisligi
veya teorik kapasite {izerinden yapilirken, bu ¢aligma baglanti arizalar1 gibi gergek diinya kosullarini
simiile ederek daha kapsamli bir degerlendirme sunmaktadir.

Elde edilen bulgular, ag topolojisi seciminde yalnizca nominal performans degil, ayn1 zamanda
beklenmedik baglant1 kayiplarina karsi sistemin tepkisinin de dikkate alinmasi gerektigini ortaya
koymaktadir. Kritik uygulamalar ve servis siirekliligi gerektiren sistemlerde, RUFT-PL gibi yiiksek
esneklik ve hata toleransi sunan yapilara yonelmek, veri iletiminin giivenligini ve sistemin
stirdiiriilebilirligini artiracaktir. Gelecek ¢alismalarda, farkli anahtar port degerlerinin (6rn. 12, 16, 20)
performansa etkisi incelenerek 6lgeklenebilirlik analizleri yapilabilir. Ayrica, bu ¢alismanin kapsamini
genisletmek amaciyla farkli topolojilerin de deneysel analizlere dahil edilmesi planlanmakta; bdylece
daha genis bir ag mimarisi havuzunda performans, gecikme ve hata toleransi kriterlerinin nasil degistigi
sistematik olarak degerlendirilebilecektir.
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BAGLI OLARAK MAKINE OGRENMESIi TEMELLI MAHSUL TAVSIYE SiISTEMi
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Tarim, diinya genelinde ekonomik ve toplumsal agidan stratejik bir sektor olup, 6zellikle gida giivenligi ve kirsal
kalkinma agisindan kritik bir role sahiptir. Bu sektoriin siirdiiriilebilirligi, iklim degisikligi ve toprak
ozelliklerindeki farkliliklar gibi ¢cok sayida cevresel degiskenden etkilenmektedir. Ciftcilerin karsilastigi en temel
sorunlardan biri, mevcut agro-klimatik kosullara en uygun mahsulii belirleyebilmek ve bu dogrultuda iiretim
yapabilmektir. Bu c¢aligmanmn temel amaci, makine 6grenmesi algoritmalarini kullanarak toprak ve cevre
kosullarina gore en uygun mahsulii tahmin edebilen bir model gelistirmektir. Modelleme siirecinde, topragin azot
(N), fosfor (P), potasyum (K) igerigi ile sicaklik, nem, pH degeri ve yagis miktar1 gibi ¢evresel parametreler girdi
olarak kullanilmistir. Calismada Rastgele Orman, Lojistik Regresyon, Destek Vektor Makineleri, K-En Yakin
Komsu ve Gradyan Artirma olmak iizere bes farkli makine 6grenmesi algoritmasi uygulanmistir. Her bir modelin
hiperparametrelerini optimize etmek i¢in 1zgara arama yaklagimi ve modellerin dogrulugunu degerlendirmek i¢in
5-kat ¢apraz dogrulama kullanilmistir. Sonuglara gore, %99.32°lik dogruluk orani ile en basarili model Rastgele
Orman olmustur. Diger algoritmalar da yiiksek dogruluk saglamis olsa da Rastgele Orman’in performansi belirgin
sekilde 6ne ¢ikmistir. Elde edilen sonuglar, literatiirde yer alan giincel ¢aligmalarla karsilagtirildiginda yontemlerin
etkinligini ve uygulanabilirligini ortaya koymaktadir. Bu ¢alisma, ¢iftgilerin veri destekli kararlar almasina olanak
saglayarak, tarimsal verimliligi ve kaynak kullanim etkinligini artirabilecek akilli bir mahsul tavsiye sistemi
gelistirilmesine katki sunmaktadir.

Anahtar kelimeler: Mahsul tavsiye sistemi, Makine 6grenmesi, Siniflandirma

A MACHINE LEARNING-BASED CROP RECOMMENDATION SYSTEM BASED
ON AGRO-CLIMATIC CONDITIONS TO ENHANCE AGRICULTURAL
PRODUCTIVITY

ABSTRACT

Agriculture is a strategic sector worldwide from both economic and societal perspectives, playing a critical role
especially in food security and rural development. The sustainability of this sector is influenced by numerous
environmental variables such as climate change and variations in soil properties. One of the main challenges faced
by farmers is identifying the most suitable crop for the prevailing agro-climatic conditions and producing
accordingly. The primary objective of this study is to develop a model capable of predicting the most appropriate
crop based on soil and environmental conditions using machine learning algorithms. In the modeling process,
environmental parameters such as nitrogen (N), phosphorus (P), and potassium (K) content of the soil, along with
temperature, humidity, pH level, and rainfall amount, were used as inputs. Five different machine learning
algorithms were applied in this study, namely Random Forest, Logistic Regression, Support Vector Machines, K-
Nearest Neighbor and Gradient Boosting. The grid search approach was used to optimize each model's
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hyperparameters, and 5-fold cross-validation was used to assess the models' accuracy. According to the results,
the most successful model was Random Forest with an accuracy of 99.32%. Although the other algorithms also
achieved high accuracy, the performance of the Random Forest model stood out significantly. When compared
with recent studies in the literature, the findings demonstrate the effectiveness and applicability of the proposed
methods. This study contributes to the development of an intelligent crop recommendation system that can enhance
agricultural productivity and resource use efficiency by enabling farmers to make data-driven decisions.

Keywords: Crop recommendation system, Machine learning, Classification

1. Giris (Introduction)

Tarim sektorii, diinya niifusunun beslenme ihtiyacini karsilamanin yani sira birgok iilke i¢in 6nemli bir
gelir kaynagidir. Kiiresel niifusun siirekli artis1, gida glivenligini saglamak amaciyla tarimsal tiretimde
diizenli bir artis1 zorunlu kilmaktadir [1]. Geleneksel tarim yontemleri, iklim degisikliginin ve artan
cevresel baskilarin etkisiyle verimlilikte diisiis yasanma risklerine aciktir. Tklim degisikligi, toprak
verimliligindeki azalmalar ve kaynaklarm sinirli olmasi gibi faktdrler tarimsal {iretimi olumsuz
etkilemektedir. Bu zorluklarin {istesinden gelmek ve siirdiiriilebilir tarim uygulamalarin tesvik etmek
i¢in teknolojik yeniliklere ihtiya¢ duyulmaktadir [2]. Bu baglamda, siirdiiriilebilir ve verimli tarim
uygulamalari, artan talebi karsilarken ¢evreye olumsuz etkiyi en aza indirmek i¢in hayati 6neme sahiptir.
Hassas tarim, tarimsal girdileri ve uygulamalarini optimize etmek igin veri odakli bir yaklagim sunarak
bu ihtiyaca cevap vermektedir. Bu uygulamalar veri odakli kararlar alarak kaynak kullanimini optimize
etmeyi ve verimliligi artirmay1 hedefler. Bu baglamda, makine 6grenmesi teknikleri, tarimsal verilerden
anlamli bilgiler ¢gikararak ciftcilere rehberlik etme potansiyeline sahiptir [3], [4].

Ciftgilerin en kritik kararlarindan biri, arazilerinin ve iklim kosullarinin 6zelliklerine en uygun mahsulii
secmektir. Yanlis mahsul se¢imi, diisilk verim, kaynak israfi ve ekonomik kayiplara neden olur.
Geleneksel yontemlerle mahsul se¢imi genellikle deneyime veya sinirlt bilgiye dayanir. Ancak, toprak
ozellikleri (mineraller, pH), iklimsel faktorler (sicaklik, nem, yagis) ve mahsuliin 6zel gereksinimleri
gibi bir¢ok karmagik faktoriin bir arada degerlendirilmesi gerekmektedir. Makine G6grenmesi
algoritmalari, bu tiir cok degiskenli verileri analiz ederek belirli kosullar i¢in en uygun mahsulii tahmin
edebilen modeller gelistirmeyi saglar [5].

Teknolojinin yayginlasmasi ve yapay zeka tekniklerinin gelismesi ile birlikte son donemde tarim
alaninda makine 6grenmesi algoritmalar1 kullanilarak yapilan ¢aligmalarin sayisi giderek artmaktadir.
Toprak besin maddeleri (Azot, Fosfor, Potasyum), sicaklik, nem, pH ve yagis gibi agro-klimatik
parametreler, mahsuliin biiyiimesini ve verimini 6nemli dl¢iide etkileyen temel faktorlerdir. Mohapatra
ve Kale [6] agro-klimatik ve toprakla ilgili bir dizi parametre kullanarak ¢esitli makine 6grenmesi
teknikleri ile tahminlemeler gergeklestirmistir Yagis, nem, toprak tipi, pH ve sicaklik parametreleri
iizerinde K-En Yakin Komsu (KNN), Yapay Sinir Aglar1 (YSA), Rastgele Orman (RO) ve Destek
Vektor Makineleri (DVM) algoritmalart kullanilarak gerceklestirilen siiflandirmalarda  KNN
algoritmasi ile %97.95 dogruluga ulagmislardir.

Madhuri ve Indiramma [7]; minimum, maksimum ve ortalama sicaklik, giineslenme siiresi, toprak
dokusu, toprak pH", ¢akil durumu, erozyon, egim, derinlik ve toprak drenaji parametreleri kullanarak
dort mahsul tiirini (misir, dari, piring, seker kamisi) tahminlemeye calismislardir. YSA kullanarak
gergeklestirdikleri analizlerde %96 dogruluk elde etmislerdir. Bu galismalarinda, gesitli toprak ve iklim
faktorlerini mahsul tavsiyesi i¢in entegre etmede YSA’nin etkinligini vurgulamaktadirlar.

Acharya vd. [8], iire, fosfor, potasyum, pH, sicaklik gibi verilere dayali olarak ¢iftgilere en uygun
mahsulii 6neren bir sistem sunulmustur. 10 farkli mahsul igeren 10 bin 6rnekli veri seti lizerinde Naive
Bayes (NB) , DVM , Karar Agaci (KA), ve RO algoritmalari ile siniflandirmalar gergeklestirmiglerdir.
Her bir modeli bagimsiz olarak degerlendirdikten sonra tiimiiniin birlesimi ile ortaya koyduklari hibrit
modeli test etmisler ve %98.98 dogruluk elde etmislerdir.

Deepika ve Andrew [9]; azot, fosfor, potasyum oranlari, sicaklik, nem, pH ve yagis miktar
parametrelerini kullanarak ortamda yetismesi muhtemel 22 farkli mahsul tiliriinii tahmin etmeye
calismiglardir. Cok katmanli algilayicilarla (CKA) gergeklestirdikleri siniflandirmalarda %97 dogruluk
degerine ulasmiglardir. CKA’nin dogrusal olmayan iliskileri modelleme ve cesitli veri tiirlerinden
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O0grenme yetenegi bu modeli geleneksel makine 6grenmesi modellerine nazaran daha ideal bir ¢6ziim
haline getirmektedir.

Ramzan vd. [10], nesnelerin interneti teknolojisi kullanarak gerceklestirdikleri c¢aligmalarinda
sensorlerden gergek zamanli olarak toplanan sicaklik, iletkenlik, toprak su ihtiyaci ve dokusu gibi
parametrelere ek olarak azot, fosfor, yagis bilgisi gibi parametreleri i¢eren ikincil bir veri seti kullanarak
uygun mahsuliin se¢imine yonelik bir tahminleme ¢aligmasi gergeklestirmislerdir. Bes farkli algoritma
kullanarak gerceklestirdikleri analizlerde YSA ile %93.63 dogruluga ulagmislardir.

Bhavani vd. [11], toprak mineral degerleri, pH, yagis, sicaklik ve nem 6lglimlerinden olusan 7 6zellik
ve 2200 adet 6rnekli veri seti tizerinde Lojistik Regresyon (LR), DVM, KNN, Karar agaci, RO, Naive
Bayes (NB) algoritmalar1 yaninda iki gizli katmanl bir derin sinir ag1 kullanmiglardir. En diisiik
dogrulugu %75 ile NB modeli ile en yiiksek dogrulugu ise %97 ile derin sinir ag1 ile elde etmislerdir.
Elde edilen bulgular derin sinir aglarinin toprak ve cevre arasindaki karmasik iliskileri geleneksel
makine 6grenmesi yontemlerine gore daha iyi ortaya koydugunu gostermektedir.

Bu ¢alismada cesitli agro-klimatik parametreleri girdi olarak kullanarak en uygun mahsulii tahmin
edebilen makine Ogrenimi tabanli bir simiflandirma modelinin gelistirilmesi amaglanmistir. Bu
dogrultuda, yaygin olarak kullanilan bes farkli siniflandirma algoritmasi — Rastgele Orman, Lojistik
Regresyon, Destek Vektdor Makineleri, K-En Yakin Komsu ve Gradyan Artirma — uygulanmuis,
hiperparametreleri optimize edilmis ve performanslart kapsaml sekilde degerlendirilmistir. Calismanin
sonugclari, benzer literatiir calismalariyla karsilagtirilarak mevcut aragtirmanin tarim alanindaki makine
O0grenimi uygulamalarina katkisi tartisiimistir.

2. Materyal ve Metot (Material and Method)

2.1.Veri seti (Dataset)

Bu calismada kullanilan veri seti, cesitli agro-klimatik parametrelere dayanarak en uygun mahsuliin
tahmin edilmesini amaglayan bir yapiya sahiptir. Kamuya acik bir veri deposu olan Kaggle’dan elde
edilmistir. Veri seti, hassas tarim ve ¢iftgilere, tarim danigmanlarina ve politika yapicilara destek olmay1
amaglayan makine 6grenimi uygulamalarinda tipik olarak kullanilmaktadir. Veri setinde yer alan
Oznitelikler Tablo 1°de verilmistir.

Tablo 1. Veri setinin 6znitelikleri (Features of the dataset)

Oznitelik Ad1 Aciklama Birimi

N Topraktaki azot icerigi mg/kg

P Topraktaki fosfor igerigi mg/kg

K Topraktaki potasyum igerigi mg/kg
temperature Ortalama sicaklik °C
humidity Ortalama bagil nem %

ph Toprak pH degeri sayisal

rainfall Yagis miktari Mm
label Hedef degisken 22 mahsul tiirii

Ozniteliklerden ilk 7 adedi girdi ve label dzniteligi tahminlenecek hedef 6zellik olmak iizere toplam 8
Oznitelik yer almaktadir. Girdi 6zniteliklerin istatistiki 6zeti Tablo 2’de yer almaktadir.

Tablo 2. Ozniteliklerin istatistiki karakteristigi (Statistical characteristics of the features)

Oznitelik Adi Minimum  Maximum _ Ortalama _ Standart Sapma

N 0 140 50.55 36.92

P 5 145 53.36 32.99

K 5 205 48.15 50.65
temperature 8.83 43.68 25.62 5.06
humidity 14.26 99.98 71.48 22.26
ph 3.5 9.94 6.47 0.77
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rainfall 20.21 298.56 103.46 54.96

Veri setinde yer alan sayisal girdi 6znitelikler arasindaki korelasyon Sekil 1°de 1s1 haritas1 olarak
verilmistir.
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N P K temperature humidity ph rainfall

Sekil 1. Korelasyon matrisi (Correlation matrix)
Sekil 1’de verilen korelasyon matrisi incelendiginde Oznitelikler arasinda genel olarak yiiksek bir
korelasyon s6z konusu degildir. Yalmz toprakta bulunan fosfor (P) ve potasyum (K) oranlar1 arasinda

0.74°1iik bir korelasyon oldugu goriilmektedir.

Hedef 0zellik 22 farkli mahsul tiiriinii igermektedir. Veri setinde yer alan mahsuller Tablo 3’te
listelenmistir.

Tablo 3. Veri setinde yer alan mahsul adlar1 (Crop names in the dataset)

Mabhsul ad1 Mabhsul ad1
Apple (elma) Maize (misir)
Banana (muz) Mango (mango)
Blackgram (siyah nohut) Mothbeans (giive fasulyesi)
Chickpea (nohut) Mungbean (mas fasulyesi)
Coconut (Hindistan cevizi) Muskmelon (kavun)
Coffee (kahve) Orange (portakal)
Cotton (pamuk) Papaya (papaya)
Grapes (iiziim) Pigeonpeas (giivercin bezelyesi)
Jute (jiit bitkisi) Pomegranate (nar)
Kidneybeans (barbunya) Rice (piring)
Lentil (mercimek) Watermelon (karpuz)
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Veri seti igerisinde 22 farkli mahsul yer almakta ve her bir mahsule ait 100 adet 6rnek bulunmakta olup,
veri seti toplam 2200 oOrnekten olugmaktadir. Hedef siniflarin her birine ait esit sayida ornek
bulunmasindan dolayi veri seti dengeli bir dagilima sahiptir.

2.2. Veri 0n isleme (Data preprocessing)

Veri 6n isleme, makine 6grenmesi modellerinin performansini dogrudan etkileyen kritik bir adimdir. Bu
calismada uygulanan 6n isleme adimlart sunlardir:

1. Eksik Veri Kontrolii: Veri seti, eksik degerler a¢isindan incelenmis ve herhangi bir eksik degere
rastlanmamugtir.

2. Kategorik Veri Kodlamasi: Hedef degisken olan 'label' (mahsul tiirleri) kategorik yapida
oldugundan, algoritmalarinin isleyebilmesi i¢in sayisal formata doniistiiriilmiistiir. Bu amagcla
etiket kodlama (label encoding) kullanilmistir.

3. Ogznitelik Olgeklendirme: Farkli 6lgeklerdeki sayisal ozniteliklerin model performansi
iizerindeki olumsuz etkisini gidermek ve ozellikle KNN ve DVM gibi mesafeye duyarl
algoritmalarin performansini artirmak i¢in 6znitelik 6l¢eklendirme uygulanmaistir.

2.3. Kullanilan makine 6grenmesi modelleri (The machine learning models employed)

Bu ¢aligmadaki mahsul siniflandirma problemi i¢in literatiirde de yaygin olarak kullanilan asagidaki bes
makine 6grenmesi modeli kullanilmistir:

Rastgele Orman (RO), birden fazla karar agacinin bir araya gelerek olusturdugu bir topluluk (ensemble)
Ogrenme yontemidir ve siniflandirma ile regresyon problemlerinde siklikla kullanilir. Bu yontem, her
agag icin farkl rastgele 6rnekler ve 6zellik alt kiimeleri secerek agaclar arasinda ¢esitlilik saglar; bu da
modelin genelleme yetenegini artirir [12]. RO, 6zellikle yiiksek boyutlu veri setlerinde, ¢ok sayida
0zellik igeren durumlarda etkili sonuglar sunar ve genellikle asir1 6grenmeye karst direngli yapisiyla
bilinir. Ayrica, modelin her bir 6zellige verdigi dnemi belirleyebilmesi, 6zellikle agiklanabilirlik
acisindan degerlidir. Bu nedenle saglik, finans ve biyoinformatik gibi pek ¢ok alanda tercih edilmektedir
[13].

Lojistik Regresyon (LR), bagimli degiskenin kategorik oldugu durumlarda kullanilan temel istatistiksel
modelleme yontemlerinden biridir. Siklikla ikili siniflandirma problemlerinde kullanilsa da, ¢ok sinifli
genisletmeleri ile ¢oklu siniflandirma problemlerinde de etkili sekilde uygulanabilir [14]. Modelin en
o6nemli avantaji, tahmin edilen olasiliklarin yorumlanabilir olmasidir; bu, 6zellikle tip ve sosyal bilimler
gibi karar destek sistemlerinin 6nem tagidigi alanlarda kullanishdir. LR, yapist geregi dogrusal sinirlar
gizse de uygun doniigimlerle dogrusal olmayan problemler icin de genisletilebilir. Basitligi ve
hesaplama verimliligi sayesinde biiyiik veri setlerinde bile hizli sonuglar verebilir.

Destek Vektor Makineleri (DVM), ornekler arasindaki maksimum marjini saglayacak hiperdiizlemi
bulmay1 amaglayan, denetimli bir 6grenme algoritmasidir. Bu 6zelligi sayesinde genelleme yetenegi
oldukea yiiksektir ve 6zellikle az sayida 6rnekle yiiksek boyutlu uzaylarda etkili sonuglar verir [15].
DVM, dogrusal ayiricilarin yetersiz kaldigi durumlarda cekirdek (kernel) fonksiyonlar1 sayesinde
dogrusal olmayan ayirimlar da yapabilir. DVM’nin dezavantajlarindan biri, biiyiik veri setlerinde egitim
stiresinin uzun olabilmesidir; ancak dogruluk agisindan ¢ogu zaman tatmin edici performans saglar.

K-En Yakin Komsu (KNN), siniflandirma ve regresyon problemlerinde kullanilan, 6rneklerin dogrudan
ozellik uzayindaki yakinligina gore siniflandirildigi parametrik olmayan bir algoritmadir. Herhangi bir
Ogrenme siireci gerektirmemesi, yani “lazy learning” olmasi nedeniyle basit ve uygulamasi kolaydir
[16]. KNN, veri noktalar arasindaki mesafeye dayanarak karar verir ve bu nedenle 6zelliklerin uygun
sekilde olgeklendirilmesi oldukga kritiktir. Giiriiltiilii verilere karsi duyarlidir ve ozellikle yiiksek
boyutlu veri setlerinde performansi diisebilir, bu da “boyutsallik laneti” olarak bilinir [17]. Bununla
birlikte, dogru parametre (K degeri) secildiginde etkili ve giivenilir sonuglar verebilir.

Gradyan Artirma (GA), zayif 6grenicileri — genellikle karar agaglarint — ardisik olarak egiterek hata
degerini en aza indirmeye calisan giiclii bir topluluk 6grenme yontemidir. Her yeni model, bir 6ncekinin
hata oranim azaltacak sekilde egitilir ve bu siireg, modelin genel dogrulugunu artirir [18]. Bu teknik,
siniflandirma ve regresyon gibi bir¢ok denetimli 6grenme probleminde yiiksek performans sergiler. GA,
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overfitting riskine kars1 dikkatli hiperparametre ayarlar1 gerektirir ancak diizenleme teknikleriyle bu risk
azaltilabilir. Giiniimiizde XGBoost, LightGBM ve CatBoost gibi modern GA tabanli kiitiiphaneler,
makine 6grenmesi yarigmalarinda siklikla birincilik alan modellerin temelini olusturur [19].

2.4. Hiperparametre optimizasyonu (Hyperparameter optimization)

Modellerin performansini en iist diizeye ¢ikarmak igin hiperparametre optimizasyonu uygulanmistir.
Her bir model i¢in hiperparametre araliklari tanimlanmis ve 1zgara arama yontemi kullanilarak en iyi
hiperparametre kombinasyonlar1 belirlenmistir. Optimizasyon siirecinde 5 kat ¢apraz dogrulama ve
dogruluk metrigi esas alinmisgtir.

3. Deneysel Calisma ve Bulgular (Experimental Study and Findings)

Cesitli agro-klimatik degerlere bagli olarak yetistirilmeye uygun mahsul tahminlemesine yonelik 7 girdi
ve 1 hedef olmak {izere 8 adet 6znitelik ve 2200 drnekten olusan veri seti lizerinde literatiirde yaygin
kullanilan Rastgele Orman (RO), Lojistik Regresyon (LR), Destek Vektdr Makineleri (DVM) , K-En
Yakin Komsu (KNN) ve Gradyan Artirma (GA) algoritmalart kullanilarak simiflandirmalar
gerceklestirilmistir. Her bir algoritmanin ideal parametrelerine ulasmak icin gergeklestirilen
optimizasyon siireci sonrasi tespit edilen hiperparametre degerleri Tablo 4’te verilmistir.

Tablo 4. Modellerin optimize edilmis hiperparametreleri (Optimized hyperparameters of the models)

Model Optimize hiperparametreler
RO  'max depth" 10, 'min_samples leaf": 1, 'min samples_split": 2, ' n_estimators': 200
LR 'C': 100, 'max_iter": 100, 'solver': 'lbfgs'

DVM 'C": 10, 'gamma': 'scale', 'kernel': 'linear’

KNN 'metric": 'manhattan’, 'n_neighbors": 5, 'weights': 'distance’
GA 'learning_rate': 0.2, 'max_depth": 3, 'n_estimators': 200

Hiperparametre optimizasyonundan sonra elde edilen en iyi modellerin genelleme performansini daha
giivenilir bir sekilde degerlendirmek amaciyla 5 kat ¢apraz dogrulama uygulanmistir. Optimize edilmis
hiperparametrelerle yapilandirilan modellerin performanslari farkli metrikler agisindan degerlendirilmis
ve ortalama skorlar raporlanmstir.

Model performanslarinin degerlendirilmesinde temel olarak karigiklik matrislerinden (confusion matrix)
yararlanilmistir. Bir karigiklik matrisi kullanilan smiflandirma modelinin siniflar1 birbirinden ayirt
etmedeki basarisim1 dlgmeye yardimci olur. Genel olarak bir karigiklik matrisinin yapist Sekil 2°de
gorlilmektedir.

Gergek sinif
Pozitif Negatif
Pozitif | Dogru Pozitif (DP) Yanlhs Pozitif (YP)
Negatif | Yanhs Negatif (YN) | Dogru Negatif (DN)

Tahmin edilen

Sekil 2. Karigiklik matrisi

Simiflandirma modelinin Pozitif olarak tahmin ettigi deger gercekte de Pozitif ise Dogru Pozitif (DP),
gergekte Negatif ise Yanlig Pozitif (YP) olarak adlandirilir. Benzer sekilde modelin Negatif olarak
tahmin ettigi deger gergekte de Negatif ise Dogru Negatif (DN), gergekte Pozitif ise Yanlis Negatif (YN)
olarak adlandirilir. Bu degerlere bagli olarak iiretilen dogruluk (accuracy), kesinlik (precision),
duyarlilik (recall) ve F1 Skor degerleri Tablo 5°te verilen sekilde hesaplanir.

*Sorumlu Yazar/Corresponding Author: onursevli@mehmetakif.edu.tr 75



https://doi.org/10.62301/usmtd.1702079
mailto:onursevli@mehmetakif.edu.tr

Uluslararas: Siirdiirtilebilir Miihendislik ve Teknoloji Dergisi ISSN: 2618-6055 /9, (1), 70 — 79, 2025

International Journal of Sustainable Engineering and Technology DOI: 10.62301/usmtd.1702079

Tablo 5. Model performans metrikleri (Model performance metrics)

Metrik Aciklama Formiil
Dogruluk (Accuracy) Dogru smiflandirilan 6rneklerin (DP + DN) / (DP + DN + YP +YN)
toplam drneklere oranidir.
Kesinlik (Precision) Pozitif olarak tahmin edilen DP/(DP +YP)

orneklerden kaginin gergekten
pozitif oldugunun oranidir.
Duyarlilik (Recall) Gergekten pozitif olan drneklerden DP/(DP+ YN)
kaginin dogru bir sekilde pozitif
olarak tahmin edildiginin oranidir.
F1 Skoru (F1-Score) Kesinlik ve duyarliligin harmonik 2 * (Kesinlik * Duyarlilik) /
ortalamasidir, iki metrik arasi (Kesinlik + Duyarlilik)
dengeyi gosterir.

Optimize edilmis RO modeli i¢in 5 kat ¢apraz dogrulama islemi ile elde edilen ortalama degerler Tablo
6’da verilmistir.

Tablo 6. Rastgele Orman ile elde edilen sonuglar (Results obtained using Random Forest)

Metrik Ortalama Deger (%)

Dogruluk 99.32
Kesinlik 99.35
Duyarlilik 99.32
F1 Skoru 99.33

Optimize edilmis LR modeli i¢in 5 kat ¢apraz dogrulama islemi ile elde edilen ortalama degerler Tablo
7’de verilmistir.

Tablo 7. Lojistik Regresyon ile elde edilen sonuglar (Results obtained using Logistic Regression)

Metrik Ortalama Deger (%)

Dogruluk 98.41

Kesinlik 98.52
Duyarlilik 98.41
F1 Skoru 98.46

Optimize edilmis DVM modeli igin 5 kat ¢apraz dogrulama islemi ile elde edilen ortalama degerler
Tablo 8’de verilmistir.

Tablo 8. Destek Vektor Makineleri ile elde edilen sonuglar (Results obtained using Support Vector

Machines)
Metrik Ortalama Deger (%)
Dogruluk 98.86
Kesinlik 98.97
Duyarlilik 98.86
F1 Skoru 98.91

Optimize edilmis KNN modeli i¢in 5 kat capraz dogrulama islemi ile elde edilen ortalama degerler Tablo
9’da verilmistir.

Tablo 9. K-En Yakin Komsu ile elde edilen sonuglar (Results obtained using K-Nearest Neighbors)

Metrik Ortalama Deger (%)
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Dogruluk 98.18
Kesinlik 98.23
Duyarlilik 98.18
F1 Skoru 98.20

Optimize edilmis GA modeli i¢in 5 kat ¢capraz dogrulama islemi ile elde edilen ortalama degerler Tablo
10°da verilmistir.

Tablo 10. Gradyan Artirma ile elde edilen sonuglar (Results obtained using Gradient Boosting)

Metrik Ortalama Deger (%)

Dogruluk 98.64
Kesinlik 98.67
Duyarlilik 98.64
F1 Skoru 98.65

Kullanilan 5 farkli siniflandirma modeli icin elde edilen skorlar 6zet olarak Tablo 11°de verilmistir.

Tablo 11. Tiim modeller ile elde edilen sonuglar (Results obtained from all models)

Model  Dogruluk  Kesinlik  Duyarhlik  F1 Skoru

RO 99.32 99.35 99.32 99.33
LR 98.41 98.52 98.41 98.46
DVM 98.86 98.97 98.86 98.91
KNN 98.18 98.23 98.18 98.20
GA 98.64 98.67 98.64 98.65

Bu ¢alismada test edilen beg farkli modelin, mahsul tavsiyesi probleminde dikkate deger bir performans
gosterdigi goriilmektedir. Tiim metrikler agisindan en yiliksek skorlari veren RO modeli, %99.32
dogruluk saglamistir. Bu durum, RO algoritmasinin topluluk 6grenme yapisi sayesinde varyansi azaltma
ve asir1 Ogrenmeyi engelleme yetenegi ile aciklanabilir. Karar agaglarinin birlesimi, farkli 6zellik
etkilesimlerini yakalayarak karmasik iligkileri modellemede etkili olmustur. DVM ve GA modelleri
sirayla %98.86 ve %98.64 dogruluk saglamislardir. Bu modeller tiim metrikler agisindan %98.5'in
iizerinde oranlarla RO modeline yakin bir performans sergilemislerdir. DVM'nin 'linear' ¢ekirdek ile
yiiksek performans gostermesi, veri setindeki siiflarin dogrusal olarak ayirt edilebilirliginin yiiksek
olduguna isaret etmektedir. LR ve KNN modelleri digerlerine nazaran daha az basar1 gosterse de,
%98'in iizerindeki skorlari ile oldukga etkili olduklar1 sdylenebilir. Ozellikle LR’nin basitligi ve
yorumlanabilirligi, bazi pratik uygulamalarda tercih sebebi olabilir.

Bu calismada elde edilen bulgular literatiirdeki benzer giincel ¢alismalarla karsilagtirilarak Tablo 12°de

verilmistir.
Tablo 12. Literatiir karsilastirmasi (Comparison with the literature)
Calisma Veri seti ozellikleri Kullanilan Model Dogruluk
Mohapatra ve Kale (2021) [6] Yag1s, nem, toprak tipi, pH ve KNN %97.95
sicaklik
Madhuri ve Indiramma (2021) Sicaklik, giineslenme siiresi, YSA %96
[7] pH, ¢akil durumu, erozyon,
egim, derinlik ve toprak drenaji
Musanese vd. (2023) [20] Azot, fosfor, potasyum, pH, YSA %97
yagis, sicaklik, nem
Acharya vd. (2024) [8] Ure, fosfor, potasyum, pH, Hibrit(NB+DVM+KA+RO) %98.98
sicaklik
Deepika ve Andrew (2024) [9] Azot, fosfor, potasyum, pH, Cok katmanli algilayict %97
yagis, sicaklik, nem
Ramzan vd. (2024) [10] Sicaklik, iletkenlik, toprak su YSA %93.63
ihtiyaci ve dokusu, azot, fosfor,
yagis bilgisi
Bhavani vd. (2024) [11] Toprak mineral degerleri, pH, Naive Bayes %75

yagis, sicaklik ve nem
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Afzal vd. (2025) [2] Azot, fosfor, potasyum, pH, RO+XGBoost %98
yagis, sicaklik, nem
Bu ¢alisma Azot, fosfor, potasyum, pH, Optimize RO %99.32

yagis, sicaklik, nem

Tablo 12 incelendiginde literatiirdeki calismalarin hemen hemen benzer 6zelliklere sahip veri setleri
iizerinde calistig1 goriilmektedir. Literatiirdeki caligmalarda genel olarak hatri sayilir basarilarin elde
edildigi goriilmektedir. Bu ¢alismaya en yakin dogruluk orani %98 ile Afzal vd. [2] tarafindan yapilan
calismada elde edilmistir. Afzal vd. [2] ¢calismalarinda RO ve XGBoost birlesimi hibrit bir algoritma
kullanmislardir. Bu ¢alismada da RO Modeli ile en yiiksek dogruluk degerine ulasilmistir. Hibrit bir
model kullanilmamasina karsin model parametrelerinin optimize edilmesi geleneksel modellere nazaran
daha yiiksek bir basar1 elde edilmesini saglamistir.<Literatiirdeki c¢aligmalarin geneli ile
karsilastirildiginda bu calismada elde edilen %99.32 oranindaki dogruluk diger calismalarla rekabet
edebilecek diizeyde ve gorece daha yiiksektir.

Elde edilen yiiksek basarinin yaninda bu ¢aligmanin sinirlilik olarak kabul edilecek bazi yanlar1 da
bulunmaktadir. Kullanilan veri seti belirli bir cografi bolgeye ait oldugu icin daha genis bir cesitlilige
sahip toprak ve iklim kosullarima uygun olmayabilir. Bu nedenle modellerin farkli bolgelerdeki
Olciimlerle test edilerek genelleme kabiliyetinin sinanmasi gerekebilir. Modellerin performanst mevcut
veri setine baglidir ve veri setindeki olas1 giiriiltii veya yanliliklar sonuglar1 etkileyebilir. Bu calisma
statik bir veri seti iizerinde gerceklestirilmistir; dinamik olarak degisen iklim kosullar1 ve toprak
ozellikleri i¢in modellerin zamanla giincellenmesi gerekebilir.

4. Sonu¢ (Conclusion)

Bu ¢alismada, yedi farkli agro-klimatik 6zellige (N, P, K, sicaklik, nem, pH, yagis) dayanarak 22 farkli
mahsul tiirli i¢in en uygun olani tahmin etmek amaciyla bes farkli makine 6grenmesi siniflandirma
modeli (Rastgele Orman, Lojistik Regresyon, Destek Vektor Makineleri, K-En Yakin Komsu ve
Gradyan Artirma) basartyla uygulanmis ve karsilagtirilmigtir. Modellerin hiperparametreleri optimize
edilmis ve performanslart dogruluk, kesinlik, duyarlilik ve F1 skoru metrikleri kullanilarak
degerlendirilmistir. Elde edilen sonuclar, tim modellerin yiiksek performans gosterdigini, 6zellikle
Rastgele Orman modelinin %99.32 dogruluk orani ile en iyi sonucu verdigini ortaya koymustur. Bu
bulgular, makine 6grenmesinin tarimda karar verme siireclerini desteklemek ve mahsul verimliligini
artirmak icin giliglii bir ara¢ olabilecegini gostermektedir. Calismanin sonuglar, literatiirdeki benzer
calismalarla da uyumludur ve Rastgele Orman gibi topluluk 6grenme yontemlerinin bu tiir siniflandirma
problemlerinde etkinligini bir kez daha teyit etmektedir.

Gelistirilen modeller, giftcilere kendi arazileri ve iklim kosullari i¢in en uygun mahsulii segme
konusunda bilimsel temelli tavsiyeler sunarak, kaynaklarin daha verimli kullanilmasina ve tarimsal
iretimin siirdiiriilebilirligine katkida bulunma potansiyeline sahiptir. Gelecekteki calismalar, daha
kapsamli veri setleri ve ek 6zellikler kullanarak bu modelleri daha da gelistirmeye odaklanabilir.
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ABSTRACT

Quantum-assisted machine learning approaches have become a significant area of research in the healthcare
domain by offering alternative solutions to classical methods, particularly when dealing with high-dimensional
and complex datasets. This study presents a comparative evaluation of the classification performance of classical
Support Vector Machines (SVM) and quantum-based algorithms Quantum Support Vector Machine (QSVM) and
Pegasos-QSVM on healthcare data.

Experimental analyses were conducted using three distinct medical datasets related to liver disease, breast cancer,
and heart failure. The results demonstrate that the QSVM model consistently achieved the highest and most stable
classification accuracy. Although the Pegasos-QSVM model achieved comparable accuracy rates in certain
configurations, its performance was generally more variable. Nevertheless, thanks to its lower computational cost
and faster processing time, Pegasos-QSVM emerges as a promising alternative, particularly in resource-
constrained environments. The findings suggest that quantum-assisted models can deliver performance levels
competitive with classical approaches, particularly highlighting the effectiveness of QSVM on small- to medium-
sized datasets.

Keywords: Pegasos-QSVM, QSVM, Medical Datasets, Quantum Machine Learning

TIBBIi TANI VERI SETLERI UZERINDE KLASIK VE KUANTUM SVM
MODELLERININ KARSILASTIRMALI ANALIZi

0z

Kuantum destekli makine 6grenimi yaklasimlari, 6zellikle yliksek boyutlu ve karmagik veri kiimeleriyle ¢alisirken
klasik yontemlere alternatif ¢oziimler sunarak saglik alaninda énemli bir aragtirma konusu haline gelmistir. Bu
calisma, saglik verileri lizerinde klasik Destek Vektor Makineleri (SVM) ile kuantum tabanli algoritmalar olan
Kuantum Destek Vektor Makinesi (QSVM) ve Pegasos-QSVM'nin siniflandirma performanslarinin karsilastirmal
bir degerlendirmesini sunmaktadir.

Karaciger hastalig1, meme kanseri ve kalp yetmezligiyle ilgili Ti¢ farkl: tibbi veri seti kullanilarak deneysel analizler
gergeklestirilmistir. Elde edilen sonuglar, QSVM modelinin tutarli bir sekilde en yiiksek ve en istikrarh
siiflandirma dogrulugunu sagladigini géstermektedir. Pegasos-QSVM modeli belirli konfigiirasyonlarda benzer
dogruluk oranlarina ulassa da, genel olarak daha degisken bir performans sergilemistir. Bununla birlikte, daha
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diisiik hesaplama maliyeti ve daha hizli islem siiresi sayesinde Pegasos-QSVM, 6zellikle kaynaklarin kisitli oldugu
ortamlarda umut vadeden bir alternatif olarak 6ne ¢ikmaktadir. Bulgular, kuantum destekli modellerin klasik
yaklagimlarla rekabet edebilecek diizeyde performans gosterebildigini ve 6zellikle QSVM’nin kiigiik ve orta
6lgekli veri kiimelerinde etkili oldugunu ortaya koymaktadir.

Anahtar kelimeler: Pegasos-QSVM, QSVM, Tibbi veri setleri, Kuantum makine 6grenme

1. Introduction

Advances in technology have significantly improved the early detection and accurate diagnosis of
diseases through the use of high-performance analytical methods. Machine Learning (ML) and Deep
Learning (DL) algorithms increasingly serve as digital tools that support clinical decision-making
processes [1,2]. As a result, modern technologies have become essential for the efficient collection,
storage, and analysis of medical data. However, traditional ML approaches often fall short in handling
high-dimensional and complex healthcare datasets, particularly in terms of classification accuracy,
computational efficiency, and generalizability.

The exponential growth of the global population has led to a substantial increase in healthcare-related
data, rendering conventional computational methods inadequate for managing and analyzing large-scale
datasets. Although supercomputers were initially employed to overcome these challenges, the increasing
complexity of data has begun to exceed their processing capacity, thereby exposing the limitations of
classical computing. Consequently, quantum computing based on fundamentally different algorithmic
principles has emerged as a promising paradigm for data intensive applications in healthcare analytics
[3,4].

Unlike classical computers, which rely on binary logic, quantum computers are grounded in the
principles of quantum physics and operate using phenomena such as superposition and entanglement
concepts that transcend classical mechanics [S]. These quantum properties enable systems to process
multiple computational paths simultaneously, allowing them to encode and manipulate complex
probability distributions. This parallelism proves especially advantageous in analyzing high-
dimensional and large-scale healthcare datasets, as it facilitates the exploration of numerous possible
outcomes in a single computational cycle [6,7].

Within this framework, Quantum Machine Learning (QML), which represents the integration of
quantum computing with machine learning techniques, has emerged as a promising paradigm for
enhancing data processing efficiency, accelerating computation, and enabling more robust predictive
modeling [8]. QML algorithms are increasingly utilized in the literature to tackle the limitations of
classical methods, particularly in managing complex and high-dimensional healthcare datasets [9]. A
noteworthy example is the Quantum Support Vector Machine (QSVM), an extension of classical SVMs,
which has demonstrated potential in reducing computational complexity while improving classification
performance in healthcare applications [10].

In recent years, quantum-based algorithms that offer promising alternatives to classical methods have
gained traction in healthcare-related research. Consequently, recent studies that utilize classical SVM,
QSVM, and Pegasos-QSVM techniques for medical classification tasks have been examined and
reviewed.

Guido et al. [11], in their review on the application of SVM in healthcare, highlighted its strong
performance on high-dimensional and imbalanced datasets. Nevertheless, they pointed out persistent
limitations, particularly in interpretability and handling of missing values. Kodipalli and Devi [12],
compared the Fuzzy TOPSIS and SVM methods for the joint prediction of PCOS and mental health
issues, concluding that Fuzzy TOPSIS yielded a higher accuracy of 98.20%. They also noted the
superiority of fuzzy approaches in processing linguistic data. Kareem et al. [13], employed the 1Q-
OTH/NCCD CT lung cancer dataset and achieved 89.88% accuracy through an image processing and
SVM-based approach. The best results were obtained by combining a polynomial kernel SVM with
Gabor filters and Gray-Level Co-occurrence Matrix (GLCM) features. Oztekin et al. [14], compared six
machine learning algorithms, including SVM, for breast cancer diagnosis using the Breast-XD dataset.
The highest accuracy (94.34%) was obtained using the explainable XGBoost model (X>*GAI). Finally,
Ramu et al. [15], proposed a hybrid model integrating SVM and convolutional neural networks (CNN)
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for early prediction of chronic kidney disease. This model surpassed the performance of classical SVM
(94.8%) and Random Forest, reaching an accuracy of 96.8%.

Tudisco et al. [16], compared quantum models, including QSVM and QNN, with classical algorithms
such as SVM on datasets related to heart failure, diabetes, and prostate cancer. Their results indicated
that QSVM outperformed classical models, especially in imbalanced datasets, by achieving higher recall
rates. Similarly, Khushal and Fatima [17], integrated quantum models such as QSVM and Q-KNN with
fuzzy logic (FL) to improve both computational efficiency and classification accuracy. Their proposed
Fuzzy Quantum Machine Learning (FQML) approach achieved superior results compared to standard
QML techniques on chronic disease datasets. Maheshwari et al. [18], employed optimized QSVM
(OQSVM) and hybrid quantum multilayer perceptron (HQMLP) models for the classification of
cardiovascular diseases. They highlighted that the use of PauliFeatureMap and fine-tuned
hyperparameters led to enhanced accuracy in their models. In the field of breast cancer diagnosis, Jose
P. et al. [19], demonstrated that the QSVM model optimized using the Elitist Non-Dominated Sorting
Genetic Algorithm (ENSGA) significantly outperformed traditional SVM variants, underscoring the
algorithm’s potential in medical classification tasks.

Chatterjee ve Das [20], proposed a Staged Pegasos Quantum Support Vector Classifier for breast cancer
diagnosis, which stratifies patients based on the severity of their condition. The model's performance
was further enhanced through the incorporation of fuzzy logic and expert knowledge-based weighted
algorithms. Nasir et al. [21], conducted a comparative study of classical and quantum machine learning
algorithms for the classification of dermatological diseases. While classical models such as Bagging and
Decision Trees achieved the highest accuracy of 98%, among quantum-based approaches, the Pegasos-
QSVM model stood out with an accuracy of 84%, surpassing classical SVM in terms of precision. Singh
and Pokhrel [22], assessed several quantum machine learning algorithms using various feature mapping
techniques for the binary classification of genomic sequence data. Their analysis revealed that Pegasos-
QSVM yielded particularly high recall rates. Munshi et al. [23], compared the performance of Pegasos-
QSVM and Variational Quantum Classifier (VQC) on a lung cancer dataset and reported that Pegasos-
QSVM achieved a superior accuracy of 85%, outperforming VQC.

As aresult of the literature review, it is evident that studies based on Quantum Machine Learning (QML)
are frequently employed in the healthcare domain, at least as commonly as classical algorithms.
However, research specifically focused on the Pegasos-QSVM algorithm remains relatively scarce. This
study aims to fill the existing gap in the literature by comprehensively evaluating the performance of
both QSVM and Pegasos-QSVM models in real-world healthcare classification tasks, providing a
comparative analysis against classical SVM models.

As evidenced by the literature review, Quantum Machine Learning (QML) techniques are increasingly
employed in healthcare applications, offering performance levels that often rival those of classical
machine learning algorithms. However, studies focusing specifically on the Pegasos-QSVM model
remain limited. This study seeks to address this gap by comprehensively evaluating the performance of
QSVM and Pegasos-QSVM models in real-world healthcare classification tasks and providing a
comparative analysis against classical SVM methods. Through this investigation, the potential
advantages of quantum-based approaches in processing complex medical data are highlighted.

The structure of the remainder of this paper is organized as follows: Section 2 introduces the datasets
utilized in the study, details the preprocessing procedures, and outlines the classification algorithms
applied. Section 3 presents the experimental results obtained from the implementation of the algorithms.
Section 4 discusses the study's contributions to the existing literature, provides an evaluation of the
findings, and outlines directions for future research.

2. Material and Method

In this study, three publicly available medical datasets were utilized to evaluate and compare the
performances of classical and quantum-based classification algorithms. The datasets employed were the
Breast Cancer Coimbra Dataset, Heart Failure Clinical Records Dataset, and the Indian Liver Patient
Dataset. These datasets were selected due to their binary classification structure, which aligns with the
requirements of the Pegasos-QSVM algorithm.
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Three distinct classification methods were implemented: classical Support Vector Machines (SVM),
Quantum Support Vector Machines (QSVM), and Pegasos-QSVM. Prior to classification, multiple
preprocessing steps were conducted to ensure data consistency and enhance model performance.
Initially, all features were standardized using the StandardScaler, transforming each feature to have zero
mean and unit variance. Subsequently, Principal Component Analysis (PCA) was applied for
dimensionality reduction, reducing the number of features to between 3 and 9 components to meet the
input dimensionality constraints of quantum circuits. Finally, the PCA-transformed data were rescaled
using MinMaxScaler to the range [0, 7], which is commonly preferred for quantum state encoding due
to the periodic nature of quantum gates. This rescaling step enabled the conversion of classical data into
a qubit-compatible format, facilitating its integration into quantum circuits.

For quantum classification, the PCA-reduced datasets were mapped from classical bit format to quantum
qubit format using four distinct quantum feature maps: X, Y, Z, and ZZ. These feature maps function as
encoding mechanisms that embed classical data into high-dimensional Hilbert spaces via parameterized
quantum circuits. To evaluate the effect of circuit depth on model performance, each feature map was
tested under two repetition settings: reps = 1 and reps = 2. This allowed for a comparative analysis of
how entanglement complexity influences the expressivity of the quantum kernels.

The quantum models were trained using the QSVM and Pegasos-QSVM algorithms within a simulated
quantum environment. All simulations were carried out using the Qiskit framework with the
statevector_simulator backend. In the QSVM implementation, the FidelityQuantumKernel class was
employed to compute the quantum kernel matrix by estimating the similarity (fidelity) between quantum
states encoded via selected feature maps [24]. Model performance was evaluated using 5-fold stratified
cross-validation to ensure balanced representation of class distributions. For the Pegasos-QSVM model,
the regularization parameter was set to C = 1000, and the number of optimization steps was set to T =
100, based on empirical tuning. Across all models and experiments, two key evaluation metrics were
considered: classification accuracy and execution time, both averaged over the five folds.

A schematic representation of the complete methodology is presented in Figure 1, illustrating the entire
workflow from data preprocessing to classification using both classical and quantum SVM algorithms.

0. ®
>  Datasets
ol

Heart Fajlure Dataset

Breast Cancer Dataset

Indian LivT Patient Dataset

—/
=)

|

> PCAs for
Datasets

[ Pegasos

| QsvMm |

[ qsvm |

-
&
>
»n
=

U
7

2
=
o

SINAS wnjuend)

Figure 1. Classification workflow using classical and quantum SVM algorithms
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2.1.Dataset

In this study, three distinct clinical datasets were utilized to develop and evaluate predictive models for
different medical conditions. All datasets were obtained from the UCI Machine Learning Repository, a
widely used open-access platform for benchmarking machine learning algorithms [25-27]. Each dataset
includes structured, domain-specific features that enable classification tasks related to liver disease,
breast cancer, and heart failure, respectively.

2.1.1.Indian liver patient dataset

A publicly available dataset containing the biochemical profiles of 584 individuals from the northeastern
region of Andhra Pradesh, India, is employed in this study. The dataset comprises demographic variables
such as age and gender, along with clinically significant biochemical indicators including total and direct
bilirubin, alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total protein, albumin, and the albumin-to-globulin ratio. Of the participants, 441 are male and
142 are female. These features are widely recognized as metabolic biomarkers commonly used in the
diagnosis of liver dysfunction. The dataset was constructed with the primary objective of supporting the
development of predictive models capable of determining whether an individual is affected by liver
disease based on these biomarkers [28].

2.1.2.Breast cancer coimbra dataset

An open-access dataset comprising 116 clinical records exclusively from female participants in the
Coimbra region of Portugal is employed for breast cancer prediction. The dataset includes nine
attributes, encompassing both basic anthropometric measurements such as age and body mass index
(BMI) and metabolic or inflammatory biomarkers, including glucose, insulin, HOMA (Homeostatic
Model Assessment), leptin, adiponectin, resistin, and MCP-1 (Monocyte Chemoattractant Protein-1).
These variables are considered potential indicators associated with the biological mechanisms of breast
cancer. Each instance is labeled based on the subject’s diagnosis status, making the dataset suitable for
supervised classification tasks. The dataset was curated to support the development of machine
learning—based early detection systems for breast cancer [29].

2.1.3.Heart failure clinical records dataset

Collected from 299 individuals diagnosed with heart failure, this clinical dataset provides detailed
information on demographic, physiological, and laboratory parameters relevant to cardiovascular risk
assessment. It includes 12 attributes such as age, sex, ejection fraction, serum creatinine, serum sodium,
platelet count, creatinine phosphokinase levels, and the presence of conditions like anemia, diabetes,
high blood pressure, and smoking habits. The dataset also contains a follow-up duration feature (in days)
and a binary outcome indicating whether a death event occurred during the observation period. These
variables are widely recognized as important predictors in the progression and prognosis of heart failure.
The dataset serves as a resource for developing predictive models aimed at identifying high-risk patients
and improving early intervention strategies in clinical practice [30].

2.2.Data preparation

In this study, the preprocessing pipeline consisted of three main stages. First, all features were
standardized using the StandardScaler to ensure equal contribution by transforming them to have zero
mean and unit variance. Next, dimensionality reduction was performed via Principal Component
Analysis (PCA), aligning the number of features with the number of qubits used in the quantum
classification models. Lastly, the reduced feature set was rescaled into the range [0,t] using
MinMaxScaler, making it compatible with quantum state encoding. This sequence of transformations
prepared the data appropriately for both classical and quantum machine learning algorithms.

Principal Component Analysis is a widely adopted statistical technique for reducing the dimensionality
of datasets, especially those with a high number of features. It aims to preserve the most relevant
information by generating new components that capture the majority of the variance in the original data,
with minimal information loss. These components are constructed to be mutually uncorrelated, allowing
complex datasets to be restructured into more compact and interpretable forms [31].
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By applying orthogonal transformations, PCA converts correlated variables into independent ones,
which helps suppress noise and reveal meaningful relationships between features [32]. This simplified
structure improves the performance of various learning models, including those based on quantum
computation. Thanks to its effectiveness and interpretability, PCA remains one of the most widely
preferred methods for dimensionality reduction in the literature [33].

2.3.Methods

2.3.1.Support vector machine

Support vector machines are robust and theoretically grounded supervised learning methods widely used
for solving classification problems. The fundamental principle of SVM is to separate data instances
belonging to different classes by constructing an optimal hyperplane within the feature space. The
algorithm aims to maximize the margin between the classes while simultaneously minimizing
classification errors [34].

After training the model on labeled data, the resulting decision function is applied to new instances to
perform classification. The data points closest to the decision boundary are referred to as “support
vectors” and they play a crucial role in determining the performance of the classifier. In linearly
separable datasets, SVM constructs a hyperplane that is equidistant from both classes. For datasets that
are not linearly separable, kernel functions are employed to transform the data into a higher-dimensional
space where a linear separation becomes feasible. Commonly used kernels include linear, polynomial,
sigmoid, and Radial Basis Function (RBF) kernels. The hyperplane is positioned perpendicular to the
shortest distance between data points from each class, thereby enhancing the separability and improving
the model's generalization capability. SVM is a powerful method rooted in statistical learning theory,
capable of producing effective results in both binary and multiclass classification tasks [35,36].

2.3.2.Quantum support vector machine

Quantum support vector machines represent a quantum-enhanced adaptation of the classical Support
Vector Machine (SVM) algorithm. While classical SVMs aim to find an optimal hyperplane that
separates different classes by maximizing the margin between them, QSVM utilizes quantum state space
as the feature domain. This allows for more expressive data representation and the potential to solve
complex classification problems more efficiently.

The QSVM algorithm integrates Grover’s search algorithm as a quantum subroutine to optimize non-
convex cost functions, enabling it to reach global optima [37]. Classical data are encoded into quantum
states, and kernel functions are employed to transform the data into a higher-dimensional space where
separation becomes feasible. Using quantum superposition and parallelism, QSVM evaluates multiple
states simultaneously, accelerating the training process.

In addition to improving classification accuracy, QSVM reduces time complexity from linear to
sublinear, making it particularly promising for large-scale learning problems. However, its performance
is highly dependent on quantum hardware quality, as quantum noise may impact reliability. Despite this,
QSVM stands out for its potential to enhance machine learning efficiency by combining statistical
learning theory with quantum computing principles [38].

2.3.3.Pegasos quantum support vector machine

Pegasos-QSVM (Primal Estimated sub-GrAdient SOlver for SVM-Classification) is an efficient
algorithm developed to address nonlinear binary classification problems using SVM. Unlike traditional
SVM solvers that rely on dual formulation, Pegasos-QSVM directly operates on the primal objective
and employs stochastic sub-gradient descent to approximate a solution. Its optimization strategy aims
to minimize hinge loss while applying regularization, ensuring both accuracy and generalizability
against overfitting [39].

In quantum implementations, constructing accurate kernel matrices often requires a large number of
quantum circuit executions, significantly increasing computational costs. Pegasos-QSVM is well-suited
for such quantum settings, as it preserves the use of the kernel trick: instead of explicitly mapping data
into high-dimensional feature space, it relies on computing inner products. This approach allows for the
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construction of the separating hyperplane through kernel evaluations, and the decision function is
expressed as a weighted sum of kernel values associated with the support vectors. Additionally, the bias
term is implicitly handled by embedding a constant into the kernel function, enhancing model flexibility.
The quantum Pegasos algorithm requires fewer kernel evaluations than dual QSVM, offering a
significant advantage in settings with large datasets and limited quantum resources [40].

Furthermore, in QSVMs, classical data is embedded into the quantum feature space using parameterized
quantum circuits, resulting in quantum kernel functions derived from Hilbert—Schmidt inner products.
These quantum kernels are only approximately computable due to the probabilistic nature of quantum
measurements governed by Born’s rule. This inherent statistical noise in quantum settings makes the
Pegasos approach even more appealing, as it avoids constructing the full kernel matrix and yields a
training complexity that is independent of dataset size. Therefore, Pegasos-QSVM is expected to
outperform standard QSVMs in terms of scalability and efficiency when applied to large training sets
under quantum constraints [10].

2.3.4.FeatureMap

Quantum feature maps are fundamental components that allow classical data to be encoded into quantum
circuits in a form suitable for quantum processing. These maps project classical input vectors into
quantum states by embedding them in a high-dimensional Hilbert space [41]. This process involves
building quantum circuits composed of specific quantum gates to represent the data as qubits, making it
usable by quantum machine learning algorithms.

The choice of feature map significantly influences the expressivity and entanglement structure of the
circuit. Key factors include the circuit depth, encoding method, gate types, and the entanglement pattern.
Commonly used feature maps include Z, ZZ, and Pauli-based variants, each with unique characteristics.
The Z FeatureMap applies Hadamard gates followed by single-qubit unitary operations, encoding data
without creating entanglement, thus resulting in a simpler and faster circuit design. In contrast, the ZZ
feature map introduces entanglement through Controlled-Z gates, enhancing representational capacity
at the cost of increased computational complexity [39]. The PauliFeatureMap offers even greater
flexibility by combining Pauli X, Pauli Y, and Z operations, enabling the circuit to adapt to the structure
of the input data and the specific classification task [42].

In this study, Pauli X, Pauli Y, Z, and ZZ feature maps were employed to encode the PCA-reduced
classical data into quantum form. These maps were selected to assess the impact of different encoding
strategies on the classification performance of QSVM and Pegasos-QSVM. Each map introduces
different structural and computational complexities, allowing for comparative analysis. For all feature
maps, experiments were conducted with both reps=1 and reps=2 to evaluate the influence of circuit
depth. Furthermore, the entanglement parameter was set to “full” in the Pauli X, Pauli Y, and ZZ feature
maps to investigate how various entanglement configurations affect the models’ performance. The
circuit structures of the Z, ZZ, Pauli X, and Pauli Y feature maps used in this study are illustrated in
Figure 2. These visualizations provide a clear comparison of the different entanglement schemes and
circuit complexities introduced by each mapping strategy.
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Figure 2. Quantum circuits of the Z, ZZ, Pauli X, and Pauli Y feature maps constructed with 3 qubits
and reps =1

3. Research Findings

In this section, the results of analyses conducted on three different healthcare datasets are presented. The
performance of classical SVM and quantum-based models QSVM and Pegasos-QSVM was evaluated
based on classification accuracy. To ensure the reliability of the models on both training and testing sets,
a 5-fold cross-validation strategy was employed. For the sake of reproducibility, the random seed was
fixed at 42 during data splitting.

To enable a comprehensive comparison of quantum algorithms, the experiments were carried out using
seven different qubit sizes and four distinct quantum feature maps. Prior to classification, all datasets
underwent a series of preprocessing steps. PCA was applied for dimensionality reduction, resulting in
datasets with varying numbers of features suitable for quantum circuit input constraints. All algorithms
were developed using the Python programming language and implemented with the Qiskit library. Both
classical and quantum machine learning models were executed in the Google Colab cloud environment.
For the execution of quantum algorithms, the statevector simulator environment was utilized.

The findings for each dataset are presented in the following subsections, starting with the Indian Liver
Patient Dataset. The results obtained using the Pegasos-QSVM and QSVM algorithms on the “Indian
Liver Patient Dataset,” based on different qubit values and feature maps with circuit repetition counts
set to 1 and 2, are presented in Table 1.

Table 1. Accuracy analysis for the ILPD using Pegasos-QSVM and QSVM algorithms

Pegasos-QSVM QSVM
Accuracy (%) Reps=1
Qubits X Y Z Y44 X Y Z V44
3 6298 6691 6691 65.53 7136 7136  71.36 71.36

62.98 6451 64.51 62.12 7136 7136 7136 7033
71.36  70.67 70.67 63.29 7136 7136 7136  71.18
7136  66.03 66.03 62.74 7136  70.84 70.84  68.61
6298 65.19 65.19 66.40 7136 7136 7136  71.18
62.74  55.09 55.09 57.09 7136 7153 71.53 71.01
62.74 6275 62.75 66.87 7136 71.70 7170  71.01

O 0 9 N »n K
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Accuracy (%) Reps=2

Qubits X Y zZ Y44 X Y zZ Y44
3 6691  66.74 69.30 66.39 7136 7136  71.36 71.36
4 64.51 6554 65.87 68.79 7136 7136  71.36 71.01
5 70.67 7136 68.62 71.36 7136 7136  71.18 72.38
6 66.03  61.53 64.23 57.56 7136 7136  70.67 70.67
7 65.19 6298 66.56 64.66 7136 7136  71.70 71.53
8 55.09 6190 60.06 62.61 71.53 7136  71.70 71.70
9 62.75  62.56 67.22 50.09 71.70 7136  71.70 71.70

The QSVM algorithm demonstrated consistently high and stable performance across nearly all qubit
and feature map combinations, achieving an accuracy rate of approximately 71%. The highest recorded
accuracy was 72.38%, obtained with 5 qubits, the ZZ feature map, and Reps=2. These results indicate
that the QSVM algorithm is relatively insensitive to variations in feature map types or qubit numbers
and provides robust and consistent outcomes, especially when circuit repetitions are increased. In
contrast, the performance of the Pegasos-QSVM algorithm appeared to be more variable across different
configurations. Although it achieved accuracy levels comparable to QSVM in certain scenarios such as
5 and 6 qubits with Reps=1 (both reaching 71.36%) its overall sensitivity to the choice of feature map
and qubit count was notably higher. Particularly with the Pauli X and Pauli Y feature maps and at 8 or
9 qubits, accuracy values dropped below 60%. These findings suggest that while Pegasos-QSVM can
deliver results similar to QSVM under specific settings, QSVM generally yields more stable and reliable
performance across a broader range of parameters.

Table 2 presents the accuracy results obtained from the Breast Cancer Coimbra dataset using Pegasos-
QSVM and QSVM algorithms across varying qubit numbers (from 3 to 9), different feature maps (Pauli
X, Pauli Y, Z, ZZ), and circuit repetition counts (Reps=1 and Reps=2).

Table 2. Accuracy analysis for the Breast Cancer dataset using Pegasos-QSVM and QSVM

algorithms
Pegasos-QSVM QSVM
Accuracy (%) Reps=1
Qubits X Y zZ Y44 X Y Y4 Y44
3 52.64 53.41 5442 51.78 55.17  61.21  61.21  65.52
4 51.70  65.54 66.41 4895 55.17 6724 6724  50.00
5 52.57 6732 6732 5942 55.17 7241 7241  56.03
6 53.51 6551 6551 5344 55.17 7241 7414 5948
7 5428  65.51 65.51 54.28 55.17 7586 7586  59.48
8 55.18  62.10 63.01 61.27 55.17 7328 7328  58.62
9 5942 6120 66.38 59.42 55.17  75.00 75.00 57.76
Accuracy (%) Reps=2
Qubits X Y Y4 Y44 X Y zZ /4
3 53.41  55.11 5598 51.67 61.21 55.17 5431 5431
4 65.54 4996 58.62 49.09 6724 5517 6724 51.72
5 6732 5272 60.22 52.64 72.41 55.17  70.69  56.90
6 65.51 53,55 6558 5522 74.14 5517 6897  55.17
7 65.51  50.04 58.51 49.13 75.86  55.17  70.69  56.90
8 62.10 57.57 63.77 56.88 7328 5517 7328  55.17
9 61.20 51.70 64.57 58.51 75.00 55.17 74.14  55.17

The results show that the QSVM algorithm consistently outperformed Pegasos-QSVM across nearly all
configurations, especially in settings with 5 to 7 qubits and when using the Z feature map. The highest
accuracy value for QSVM was 75.86%, achieved with 7 qubits, the Pauli X or Y feature map, and
Reps=1. Furthermore, even with low repetition counts, QSVM maintained relatively stable and high
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accuracy, generally remaining above 70% in its best configurations. In contrast, the Pegasos-QSVM
algorithm exhibited more fluctuating and less predictable performance. While it reached competitive
accuracy values in certain configurations (e.g., 67.32% with 5 qubits and the Pauli Y feature map,
Reps=1), its performance tended to vary significantly across different qubit and feature map
combinations. For instance, accuracy dropped below 55% in multiple cases, especially for ZZ feature
maps and low qubit counts. Table 3 presents the accuracy rates obtained using the Pegasos-QSVM and
QSVM algorithms on the Heart Failure dataset.

Table 3. Accuracy analysis for the Heart Failure dataset using Pegasos-QSVM and QSVM algorithms

Pegasos-QSVM QSVM
Accuracy (%) Reps=1
Qubits X Y Y4 Y44 X Y Y4 Y44
3 67.89  63.58 67.59 52.52 67.89 7458  74.58 69.23
4 39.44 6159 62.58 53.53 67.89 7726 77.26 68.90
5 60.77  62.89 57.54 60.56 67.89 7492 7492 67.89
6 60.56 67.89 68.56 58.86 67.89 7692 7692 69.90
7 60.56  70.57 69.55 65.23 67.89  76.59  76.59 67.56
8 67.89  69.59 6228 58.54 67.89 7492 7492 67.89
9 67.89  61.56  65.56  59.77 67.89 7559 75.59 67.89
Accuracy (%) Reps=2
Qubits X Y Z Y44 X Y Z Y44
3 65.59  62.56 68.89 54.20 74.58  67.89 7391 68.23
4 6323 67.89 58.47 52.54 7726  67.89 7525 66.22
5 66.56  67.89 65.56 51.77 7492  67.89 7391 67.22
6 6446 60.44 6521 52.55 76.92  67.89  75.59 67.56
7 63.59 5956 6424 57.56 76.59  67.89 73.24 67.89
8 55.11  65.89 65.88 55.00 7492  67.89  70.90 67.89
9 61.23 5845 60.55 59.53 75.59  67.89  68.23 68.23

The QSVM algorithm consistently delivered higher accuracy rates compared to Pegasos-QSVM across
both repetition scenarios. For Reps=1, the highest accuracy achieved by QSVM was 77.26%, obtained
using 4 qubits with either the Pauli X or Y feature map. In the Reps=2 scenario, QSVM maintained
similarly strong performance, particularly with qubit counts between 5 and 7 and the Z feature map,
achieving accuracy rates ranging from 73% to 75%. In contrast, the accuracy rates of the Pegasos-
QSVM algorithm exhibited a wider variability. For instance, a notably low accuracy of 39.44% was
recorded with 4 qubits and the Pauli X feature map, whereas higher accuracies up to 67.89% were
achieved in certain scenarios with 8 and 9 qubits. This indicates that Pegasos-QSVM is more sensitive
to configuration choices and struggles to maintain consistent performance. In conclusion, the QSVM
algorithm demonstrated more stable and higher-accuracy classifications on this dataset, particularly
when using fewer repetitions (Reps=1) and a moderate number of qubits (4 to 7).

Table 4 presents the classification accuracy results of the classical SVM algorithm applied to the Indian
Liver Patient, Breast Cancer Coimbra, and Heart Failure datasets. The performances are reported based
on varying numbers of features, following dimensionality reduction through PCA. This allows for a
direct comparison of how the number of features impacts the accuracy of classical SVM across different
medical datasets.

Table 4. Accuracy results of SVM across three datasets with varying feature counts

Indian Liver Patient  Breast Cancer Coimbra  Heart Failure

Features SVM Accuracy (%)
3 71.36 62.93 71.58
4 71.18 74.06 71.25

*Sorumlu Yazar/Corresponding Author: gamzepelinaksoy@isparta.edu.tr 89


https://doi.org/10.62301/usmtd.1716034

Uluslararas: Stirdiiriilebilir Miihendislik ve Teknoloji Dergisi ISSN: 2618-6055 /9, (1), 80 — 93, 2025

International Journal of Sustainable Engineering and Technology DOI: 10.62301/usmtd.1716034

5 71.18 72.39 72.24
6 70.84 71.56 72.56
7 70.84 75.00 73.57
8 71.19 73.26 74.58
9 71.19 72.39 74.58

When comparing the results in Table 4 with those presented in the previous tables for QSVM and
Pegasos-QSVM models, several noteworthy observations emerge. Firstly, the QSVM algorithm
demonstrates consistent and high performance across all datasets and qubit configurations. Particularly
in the Indian Liver Patient and Heart Failure datasets, QSVM frequently achieves equal or higher
accuracy values compared to classical SVM. This suggests that QSVM is capable of operating
effectively on datasets with limited feature dimensions. On the other hand, the performance of the
Pegasos-QSVM algorithm exhibits greater variability. Significant changes in accuracy are observed
depending on the feature map and qubit configuration. Although in certain scenarios (e.g., the Breast
Cancer dataset with 5 qubits and Reps=2), Pegasos-QSVM achieves accuracy values comparable to or
even surpassing QSVM, its overall performance appears to be less consistent. This indicates that
Pegasos-QSVM is more sensitive to hyperparameter selection and requires careful tuning to achieve
optimal results.

In addition to classification accuracy, the training and prediction times of the models were also evaluated
to analyze their practical applicability. All algorithms were executed on the same hardware. Time
measurements were conducted using the time module, covering the duration from the start of training
to the completion of prediction. For quantum algorithms, the statevector simulator was used, allowing
for the assessment of processing times under ideal conditions.

When considering the execution times of the applied models, it was observed that the classical SVM
algorithm produced results in the shortest amount of time. This is attributed to the lower computational
complexity of classical machine learning methods. On the other hand, while the QSVM algorithm often
achieved higher accuracy, it exhibited the longest execution time due to the additional computational
burden of quantum kernel evaluations. The Pegasos-QSVM algorithm was positioned between these
two in terms of runtime. Unlike QSVM, this method does not compute the full quantum kernel matrix;
instead, it performs calculations over selected subsets, significantly reducing the overall execution time.
This finding indicates that although quantum-based methods have notable potential, there remains
considerable room for improvement in terms of computational efficiency. Furthermore, with respect to
the feature maps used, it was observed that the Pauli X, Pauli Y, and Z maps required similar execution
times, whereas the ZZ feature map resulted in longer processing durations due to its more complex
structure. For instance, when the number of circuit repetitions (reps) was set to 1 in the Pegasos-QSVM
algorithm, it was observed that the Pauli X, Pauli Y, Z, and ZZ feature maps completed their analyses
in 775, 807, 614, and 1933 seconds, respectively. Similarly, in the QSVM algorithm under the same
conditions, the execution times for the Pauli X, Pauli Y, Z, and ZZ feature maps were recorded as 36290,
39853, 38588, and 73954 seconds, respectively.

4. Results and Discussion

In this study, classical and quantum support vector machines (SVM, QSVM, Pegasos-QSVM) were
compared using the Indian Liver Patient, Breast Cancer Coimbra, and Heart Failure datasets. The
evaluations were based on classification accuracy, considering various feature sizes (3-9), different
quantum feature maps (Pauli X, Pauli Y, Z, ZZ), and circuit repetition counts (Reps=1 and Reps=2).

The results demonstrate that the QSVM algorithm generally provides more consistent and higher
accuracy rates compared to classical SVM and Pegasos-QSVM. Especially in the Indian Liver Patient
and Heart Failure datasets, QSVM often achieved accuracy values equal to or higher than those of
classical SVM. This indicates that QSVM performs effectively on datasets with limited feature
dimensions. On the other hand, the performance of the Pegasos-QSVM algorithm showed more
variability and appeared to be more sensitive to the choice of feature map and qubit configuration.
Although high accuracy values were obtained in some combinations (e.g., 5 qubits with Reps=2 in the
Breast Cancer dataset), the overall performance was less consistent compared to QSVM. This suggests
that Pegasos-QSVM requires more careful tuning of hyperparameters to achieve optimal results. The
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classical SVM model, meanwhile, remained competitive particularly with a higher number of features.
However, QSVM, benefiting from the quantum kernel advantage, generally outperformed classical
SVM across different settings.

In conclusion, the QSVM algorithm stands out as an effective quantum machine learning approach for
small to mid-sized datasets, while the Pegasos-QSVM algorithm may require further optimization to
fully realize its potential. Additionally, beyond classification accuracy, the runtime analysis revealed
significant insights into the practical applicability of the models. While QSVM consistently delivered
higher accuracy, it incurred the longest training and prediction times due to the computational burden
of full quantum kernel evaluations. In contrast, Pegasos-QSVM demonstrated a notable advantage in
terms of speed, requiring substantially less computation time. This efficiency stems from its ability to
avoid full kernel matrix construction by selectively computing only necessary kernel evaluations.
Therefore, Pegasos-QSVM may be considered a more practical choice in scenarios where computational
resources or execution time are limited, despite its relatively lower and less stable accuracy.

In future work, hyperparameter optimization techniques (such as grid search or Bayesian optimization)
can be employed to enhance the classification accuracy of the Pegasos-QSVM algorithm. Moreover,
experimenting with combinations of different quantum feature maps or implementing hybrid classical-
quantum kernel strategies may help improve the balance between accuracy and stability. These
advancements could make Pegasos-QSVM a more competitive alternative in terms of both speed and
predictive performance.
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ABSTRACT

This paper presents an interactive X-ray Tube Simulator designed for students in biomedical engineering and
biomedical device technology. Developed using HTML, CSS, and JavaScript and integrating the Chart.js library
for dynamic graphical representations, this simulator offers dynamic visualizations and real-time graphical
analysis to understand X-ray tube operation comprehensively. The simulator allows users to select tube voltage
(kV), filament current (mA), exposure time (ms), anode angle (°), anode rotation speed (RPM), anode material
(Tungsten, Molybdenum, Rhodium), cathode thickness (mm), filter thickness (mm), filter material (Aluminum,
Copper, Molybdenum), collimator aperture (mm), chamber distance (cm), glass type (Lead, Borosilicate) and
cooling type (Oil, Water), Air) and instantly observe their effects on X-ray spectra, radiation dose, heat
accumulation and energy efficiency. This tool aims to bridge the gap between theoretical knowledge and practical
application, promoting a deeper understanding of X-ray physics and safety considerations in a safe and cost-
effective environment.

Keywords: Simulation, X-ray, Education, Biomedical

ETKILESIiMLIi X-ISINI TUPU SIMULASYONU: BiYOMEDIKAL EGIiTiM iCIN
BiR ARAC

0z

Bu ¢alisma, biyomedikal miihendisligi ve biyomedikal cihaz teknolojisi 6grencileri igin tasarlanmis etkilesimli bir
X-Isimnt Tiipii Simtilatorii sunmaktadir. HTML, CSS ve JavaScript kullanilarak gelistirilen ve dinamik grafiksel
gosterimler i¢in Chart.js kiitliphanesini entegre eden bu simiilator, X-1sin1 tiipli operasyonunun kapsamli bir sekilde
anlasilmasini saglamak amaciyla dinamik gorsellestirmeler ve gergek zamanli grafik analizleri sunar. Simiilator,
kullanicilarmn tiip voltaji (kV), flaman akim1 (mA), maruz kalma siiresi (ms), anot agisi (°), anot doniis hizi (RPM),
anot materyali (Tungsten, Molibden, Rodyum), katot kalinligr (mm), filtre kalinlig1 (mm), filtre materyali
(Aliiminyum, Bakir, Molibden), kolimatdr agikligi (mm), oda mesafesi (cm), cam tiirii (Kursun, Borosilikat) ve
sogutma tiirii (Yag, Su, Hava) gibi tiim temel parametreleri manipiile etmelerine ve bunlarin X-1s1n1 spektrumlari,
radyasyon dozu, 1s1 birikimi ve enerji verimliligi iizerindeki etkilerini aninda gézlemlemelerine olanak tanir. Bu
arag teorik bilgi ile pratik uygulama arasindaki boslugu doldurmay1, giivenli ve uygun maliyetli bir ortamda X-
15101 fizigi ve giivenlik hususlarinin daha derinlemesine anlagilmasini tesvik etmeyi amaglamaktadir.

Anahtar kelimeler: Simiilasyon, X-151n1, Egitim, Biyomedikal
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1. Introduction

X-ray technology revolutionized the world of medicine with a chance discovery by Wilhelm Conrad
Rontgen in the late 19th century. These high-energy rays of the electromagnetic spectrum serve as a
critical tool for non-invasive imaging of the human body. After Rontgen's wife took the first X-ray
image, this technology became a unique tool for visualizing the internal structure of organs and tissues.
Thanks to X-ray equipment that emits invisible rays, it has become possible to examine our bones and
the anomalies in the internal organs in detail. X-rays are one of the most widely used tools for diagnosing
diseases, from oncology to occupational health. However, it is important to remember both the potential
dangers and the power of X-rays [1-4]. Long-term cell damage and increased risk of cancer can result
from high doses of X-ray exposure. X-ray applications should always be carried out cautiously, and
unnecessary exposure should be avoided [5]. The amazing discovery of X-rays has saved millions of
lives and enabled new ways to diagnose and treat diseases. X-rays are absorbed at certain rates as they
pass through solids. The density and atomic structure of the material affect this absorption rate. For
example, elements with high atomic numbers absorb more X-rays than soft tissues. These differences
create different gradations in X-ray images and give important details about, for example, a patient's
internal anatomy. Each tissue appears in a different color, as if touched with a paintbrush; details cannot
be missed [6]. X-rays are generated when high-energy electrons collide with a target material, typically
tungsten. The electrons lose energy during this collision, and X-rays are generated. These rays are
collected on a detector or film to form an image, much like the lens of a camera [7]. To optimize the
imaging process, the detector system and X-ray instrument design significantly impact image quality.
The X-rays ' wavelength can vary depending on the materials and the targeted area's nature [8]. X-ray
technology is becoming increasingly more reliable and efficient thanks to advances in digital systems
and image processing methods. With digital X-ray systems providing faster and clearer images at lower
doses, patients are exposed to less radiation. Furthermore, by facilitating remote access and storage,
image digitization is raising the standard of medical services [9].

In modern healthcare, trained personnel in the biomedical field are very important for device installation,
use, repair, and technical service. This field requires careful transfer of scientific knowledge and
technical skills in the healthcare sector. It is of great importance in patient safety, treatment
effectiveness, and the training of future specialists. Innovations in technology, especially in medical
devices, require training that will adapt over time. An important part of this learning process includes
simulations [10]. The disadvantages of traditional educational techniques are overcome by simulations
that reduce the uncertainty of the real clinical environment, reduce the possibility of error, and provide
students with a safe learning environment [11]. In particular, X-ray machine simulations help students
understand imaging methods, develop decision-making skills, and understand how medical devices
work. Moreover, giving them the chance to practice possible challenges they may encounter during the
learning process is a wise investment that will raise the standard of healthcare services in the future.
Computer-based simulations are usually conducted through relevant software, allowing users to improve
their ability to use X-ray equipment in a virtual environment. The major advantage of such simulations
is the huge savings for users in terms of time and cost. Students who learn about the complex settings
of X-ray equipment must learn without experiencing errors in the real environment.

In this study, we developed an interactive X-Ray Tube Simulator designed as an educational tool for
biomedical engineering and biomedical device technology students. Built using HTML, CSS, and
JavaScript, with the Chart.js library for dynamic graphical representations, the simulator integrates
dynamic visualizations and real-time graphical analyses to understand X-ray tube operation
comprehensively. By allowing users to manipulate key parameters and observe their effects on X-ray
spectra, radiation dose, heat accumulation, and energy efficiency, this tool aims to bridge the gap
between theoretical knowledge and practical application, fostering a deeper understanding of X-ray
physics and safety considerations in a safe and cost-effective environment.

2. Materials and Methods

The simulator was designed with comprehensive and interactive features to provide biomedical device
technology engineering and electronics technician students with information about the operating
principles of the X-ray tube.
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The user interface was created using HTMLS5 and CSS3 technologies in a contemporary and interactive
manner. While CSS3 controls the interface's visual design and layout, HTMLS ensures that the page
structure is arranged meaningfully and systematically. Within the HTML structure, basic elements like
canvas elements for graphics, parameter controls (sliders and selection elements), and information boxes
for summarizing information are arranged logically in groups.

A responsive and flexible design that adjusts to the simulator's various screen sizes uses contemporary
layout techniques like CSS, flexbox, and grid. The color scheme, typefaces, and animation effects have
been carefully chosen to improve the user experience and present information more clearly. This makes
it simple for users to monitor results and change parameters visually.

JavaScript's ability to dynamically control parameter elements is one of the main features that allows
user interaction in the simulator. Sliders representing various settings such as tube voltage (kV), filament
current (mA), and exposure time (ms) are retrieved from the HTML structure using the
document.getElementByld() method and grouped into a JavaScript object (e.g., sliders).

The tab system in the user interface is designed to provide easy access to different analysis and
visualization sections - for example, X-ray spectrum, dose analysis, heat analysis, energy analysis, and
statistics. In this system, created with JavaScript, when the user clicks on a tab, the content of that tab
appears on the screen. To achieve this, the querySelectorAll() method is used to select and loop over all
tabs and content sections. While the “active” class is added to the clicked tab, other tabs and content are
stripped of this class. Thus, users can easily navigate complex data and quickly access the necessary
information.

The HTMLS5 Canvas API is used to visually represent the physical processes and parts of the X-ray tube.
The 2D drawing context (getContext(“2d”)), obtained with JavaScript, enables the animation of
dynamic processes such as the movement of electrons from cathode to anode, X-ray generation, anode
rotation, and heating. Each physical component (cathode, anode, glass tube, collimator, filtration, etc.)
is drawn in specific coordinates and with appropriate colors; visual effects such as color change
according to the temperature of the anode are applied.

A realistic animation is achieved by moving electrons and X-rays according to speed and direction
parameters. Parameters such as the rotation speed of the anode and temperature are also integrated into
the animation. This approach allows students to directly observe the physical phenomena inside the X-
ray tube and the effects of parameter changes, and makes abstract concepts concrete.

For the simulator to produce accurate and realistic results, it is critical to accurately describe the physical
and electrical properties of the materials used (anode, cathode, glass, filtration, cooling). For this
purpose, each material's atomic number (Z), K, and Kg characteristic energy values, density, heat
capacity, melting point, work function, emission efficiency, etc., are stored in JavaScript objects. For
example, different properties such as emission efficiency are defined for anode materials (Tungsten,
Molybdenum, Rhodium) and similarly for cathode materials (Tungsten, Tungsten with Thorium). This
data is used in various calculations such as X-ray spectrum calculations, dose analysis, heat
accumulation simulations, and energy efficiency evaluations, ensuring that the simulation produces
results close to physical reality.

The simulator applies physical models to analyze the X-ray spectrum. The relative intensity of the beam,
electron energy, and filtration effects primarily modulate the Bremsstrahlung spectrum, which is
calculated over the energy range by considering the tube voltage (kV) and other factors. The X-ray
intensity I is proportional to the electron energy E and the maximum energy Emax and is expressed by
I(E) ¢ E(gmax-E). This formula implies that part of the kinetic energy of the electrons is converted into
X-rays, and the spectrum is shaped depending on the energy [12]. As the X-ray beam passes through the
filtration material, low-energy photons are absorbed. This effect is modeled by the Lambert-Beer law
(Equation 1). Isie(E) is the intensity after filtration, u(E) is the energy-dependent absorption coefficient
that varies with the material, and x is the filtration thickness. In the simulator, the filtration coefficient
is approximated by a constant coefficient concerning the material and thickness. The X-ray beam also
passes through obstacles such as the glass tube and the cathode thickness. The absorption coefficients
similarly model these effects in Equations (2) and (3), where Ty is the transmission coefficient of the
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glass, the absorption coefficient depends on the cathode thickness, dcais the cathode thickness. E is the
energy [13, 14].

Ifier(E) = I(E)e*®* .
Iglass(E) = Iﬁlter(E)TglaSS (2)
Icat(E) = Iglassr(E)e'o‘dcatE (3)

Focusing cup voltage and tube current fluctuation affect the amplitude of the spectrum. The simulator
expresses these effects by coefficients (Vicus: Focusing cup voltage, ripple: Percentage of current ripple,
krocus: Focusing effect coefficient). It is modeled by Equation (4). Depending on the atomic number of
the anode material, characteristic K, and Kg lines appear at certain energy levels. These lines are added
to the spectrum when the tube voltage exceeds these energy levels [15].

Inal(E) = Leat(E) (14 Kocus Vioeus)(1-(ripple/100) + random fluctuation) 4)

These formulas are calculated in JavaScript functions in the energy range to generate spectrum data.
The estimated values are exported to Chart.js graphs and updated in real time as user parameters change.
Thus, students can numerically and visually experience how physical parameters shape the X-ray
spectrum.

The dose calculation was developed to model the radiation effect of X-ray tube parameters on the patient
and the environment. The room output dose is calculated by the interaction of variables such as tube
voltage (kV), filament current (mA), exposure time (ms), distance between the patient and the tube (cm),
and atomic number of the anode material (Z) (Equation (5)) [16].

dlSt21000 filter ** collimator
kV.mA.ms
H=—————f f 6
1400 " ©

D is the dose (uGy), dist is the distance (cm), and ffier and feoliimator are the coefficients representing the
filtration and collimator effects. Filtration reduces the dose by absorbing low-energy photons, while a
collimator affects the dose distribution by shaping the beam. The patient dose was modeled as
approximately 70% of the room exit dose.

The simulator records dose values as a time series and visualizes them with dynamic charts using the
Chart.js library. These charts show in real time how the dose changes over the exposure time, and
depending on parameter changes. In addition, statistical data such as average dose, maximum dose, and
dose rate are calculated and presented to the user. In this way, students can numerically and visually
analyze the relationship between dose and physical parameters.

The heat generated at the anode and the temperature variation are important parameters in the safe
operation of the X-ray tube. Heat accumulation is calculated depending on factors such as tube voltage
(kV), filament current (mA), exposure time (ms), anode material, and anode diameter (Equation 7) [17].

= kV.mA.ms

1400 fdta 'fref (7)
H is the heat accumulation (kHU), f4iais a coefficient representing the effect of the anode diameter, and
fref represents the cooling type's effectiveness (oil, water, air). The anode temperature T = 25 + (100
H/C) (°C) is calculated considering the heat accumulation and the heat capacity of the anode material.
T is the anode temperature, C is the heat capacity of the anode material, and 25 is the initial temperature.
The simulator calculates the anode temperature in real time and visualizes the heat accumulation with a
color scale.
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Heat accumulation and temperature values are recorded as time series and then displayed as graphs using
the Chart.js library. This enables students to investigate in detail the thermal behavior of the anode and
the effects of parameter changes on heat management. The simulator performs energy calculation and
efficiency analysis to evaluate the X-ray tube's energy conversion processes and efficiency. Total energy
(Joules) is calculated using tube voltage (kV), filament current (mA), and exposure time (ms) (Equation
8).

Etotal = VIt (8)

The X-ray efficiency (1) is proportional to the atomic number (Z) of the anode material and the tube
voltage (kV) (Equation 9).

N =9.10"°Z. kV. fher. fear. 100 9)
X-ray energy and heat are calculated using Equations (10) and (11).

Exray = Etotal. 1/100 (10)
Eq = Etotal — Ex-ray (11)

The code calculates the total energy by multiplying the tube voltage, current, and exposure time. The X-
ray efficiency is determined by the formula using the atomic number of the anode material and the tube
voltage; the effects of filtration and cathode material are also considered. The total energy is divided
into X-ray energy and the remainder as heat energy according to the efficiency ratio. These values are
visualized in pie and gauge charts using Chart.js and updated in the user interface. Thus, energy
distribution and efficiency are tracked in real time.

The animation loop runs continuously with the requestAnimationFrame function and performs the
following operations in each frame: static elements (glass tube, anode, cathode, etc.) are drawn, electrons
and X-rays are moved and drawn, and the rotation angle of the anode is updated. Electron generation
occurs randomly, depending on the filament current, and moving particles are cleaned up as they leave
the screen. This cycle ensures that the simulation provides a real-time and fluid visual experience.

The interactive nature of the simulator is based on users changing parameters and instantly observing
the results. This interaction is achieved through JavaScript event listeners. Event listeners, such as
oninput or onchange, are assigned to each slider and select element. When the user changes a parameter,
the corresponding event listener is triggered, and the refreshUI() function is called. This function updates
all parameter values, redoes spectrum, dose, heat, and energy calculations, and the graphics. In addition,
the trackParameterChanges() function is called to track the number of parameter changes and update the
statistics. In this way, the effects of user changes on the simulation are instantly visualized, and an
interactive learning experience is provided.

The function getHeatColor (temp, meltPoint) calculates a color scale based on the anode temperature
and provides the color change of the anode in the animation, so that the temperature increase is visually
expressed. The new Electron () function generates new electron particles emitted from the cathode,
which are characterized by velocity, position, and phase, and are moved in the animation. The
newXRay(x, y) function generates X-ray particles emitted from the anode surface, which move at
random angles and velocities to increase the realism of the simulation. These functions enable the
dynamic and interactive nature of the simulator, providing the user with a rich visual experience.

Table 1 lists some properties and constants in the code that are not directly adjustable parameters but
affect the simulation's behavior.
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Table 1. Parameters and values used in the simulator [18]

Anode Materials W Z (Atomic Number) =74, K, =17.5 eV, Kg =
(Tungsten) 19.6 keV, Density = 10.2 g/cm?, color =
“H#f1c40f” (Yellow), Heat Capacity = 300 j/kg’C,
Melting Point = 3422 °C
Mo (Molybdenum)  Z (Atomic Number) =42, K, = 59 eV, K = 67
keV, Density = 19.3 g/cm?, color = "#2ecc71"
(Green), Heat Capacity = 150 j/kg°C, Melting
Point = 2623 °C
Rh (Rhodium) Z (Atomic Number) =45, K, =20.2 eV, Kp =
22.7 keV, Density = 12.4 g/cm?, color =
“#f1c40f” (Yellow), Heat Capacity = 180 j/kg°C,
Melting Point = 1964 °C
Cathode Materials W (Tungsten) Work Function =4.5 eV
Emission Efficiency = 1.0
ThW (Tungsten Work Function =2.6 eV
with Thorium) Emission Efficiency = 1.5
Glass Types Lead Transmittance = 0.85

Borosilicate Glass

Density = 4.5 g/cm?

Transmittance = 0.95
Density = 2.2 g/cm?

Filter Materials Al (Aluminum) Linear Attenuation Coefficient =0.15
Z (Atomic Number) = 13
Cu (Copper) Linear Attenuation Coefficient = 0.35
Z (Atomic Number) =29
Mo (Molybdenum) Linear Attenuation Coefficient = 0.45
Z (Atomic Number) = 42
Cooling Types Oil Efficiency: 1.0
Maximum Cooling Rate = 10 kHU/s
Water Efficiency: 1.5
Maximum Cooling Rate = 15 kHU/s
Air Efficiency: 0.7
Maximum Cooling Rate = 5 kHU/s
Chart Settings maxDataPoints Maximum number of data points to be shown in
time series charts = 20
Initial Anode 25°C
Temperature

3. Results and Discussion

The simulator provides dynamic visualizations and illustrations that improve comprehension of the
operation of the X-ray tube. The electron beam animation shows the trajectory of electrons from the
cathode to the anode and precisely captures their movement, speed, and focusing effects. X-ray
production and propagation are animated to show how electrons interacting with the anode generate rays
emitted at various angles and speeds, allowing users to track the direction and intensity of the X-ray
beam visually. The anode’s rotation is simulated based on its RPM value, with heat accumulation on its
surface represented through color changes, which helps comprehend the risk of overheating.
Additionally, filtration thickness, material, and collimator aperture are physically represented in the
animation, making the shaping and filtering of the X-ray beam visually intuitive.
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Regarding spectrum and dose analysis, the simulator computes and shows the Bremsstrahlung and
characteristic X-ray spectra based on the anode material and tube voltage, allowing students to study the
energy distribution and peak formation. Physical models calculate doses for patients and room exits in
real time. Graphs show how dose changes with filtration, collimation, exposure time, and distance. Time
series analysis tracks dose and heat accumulation over time, allowing users to analyze both immediate
and long-term effects of parameter changes.

The heat and energy efficiency analysis includes calculating the anode’s heat accumulation and
temperature changes and visualizing how cooling type and anode diameter influence heat management.
The distribution of electrical energy into X-ray production and heat loss is computed, providing insight
into the device’s efficiency. X-ray yield is calculated by considering anode material, filtration, and
cathode properties and is displayed to aid in understanding efficiency factors.

Finally, the simulator incorporates statistical tracking and feedback features. It monitors how frequently
students adjust each parameter, supporting evaluation of the experimental process. Information on
simulation duration and total accumulated dose is provided to raise awareness about safety and
performance. Graphical summaries consolidate the effects of all parameters, enabling students to
interpret and reflect on their experimental results easily. The parameter settings and controls are detailed
in Table 2.

The screen output of the simulation can be seen as a single page. However, it is given in parts here.
Figure 1 shows the X-ray generation animation and the selection area for tube parameters. All
parameters can be changed on the screen. The X-ray spectrum screen output is given in Figure 2. The
X-ray spectrum graph details the energy distribution of X-rays, with the x-axis representing a continuous
energy range from 0 keV up to the tube voltage (e.g., 120 keV), and the y-axis indicating the relative
radiation intensity. The spectrum is calculated based on several factors: Bremsstrahlung, which is the
continuous spectrum resulting from electrons colliding with the anode and is modeled by the formula
I(E)xE(Eo—E), where E is the energy and E, is the maximum energy equal to the tube voltage;
characteristic K, and Kg lines, which are intense peaks at specific energy levels dependent on the atomic
structure of the anode material; the filtration effect, where the filter material and thickness reduce the
low-energy portion of the spectrum by absorbing low-energy photons; cathode thickness and focusing
voltage, which fine-tune the overall intensity and shape of the spectrum; and current ripple, which
introduces small fluctuations in the spectrum. Changes in parameters affect the spectrum as follows:
increasing the tube voltage raises the maximum energy of the spectrum and makes the characteristic
lines more pronounced; increasing filtration reduces low-energy photons, cutting off the lower end of
the spectrum; and changing the anode material alters the energies and intensities of the characteristic
lines.

Tube Parameters Ancde Parameters Cathode Parameters Filtration and Cellimator

Tube Voltage (kv 120 Anode Angle (% 12 Cathade Thickness (mm: 02 Filtration Thickness (mem): 25

Filament Current (mA): 200 Anode Rotation Spead (RPM): 3600 Pc‘a;recrc: ] - Filtration Material: Auminum (A) v
i N . Collimator Aperture (mm]: 10

Exposure Time (ms) 1000 Anode Diameter (mmj: 80 Focusing Cup Voltage (V): -200

Tube Current Ripple (%) 5 Anode Material Tungsten (W) v

Other Parameters

Room Distance (cm): 100

Glass Type: Lead Glass ~

Coaling Type: il Gooling ~~ w

Figure 1. An animation showing the process of X-ray generation, along with a display of the
parameter settings used
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Table 2. Parameter settings, controls, and description

Parameter Min Max Step Description

Tube Voltage 40 150 5 Determines the energy at which electrons strike the

kV) anode. Students can observe the effect of voltage
variation on the X-ray spectrum and dose.

Filament Current 10 500 10 This parameter controls the number of electrons leaving

(mA) the cathode. As the current increases, the electron density
and, therefore, the X-ray production increase. With this
parameter, the effect of current on dose and heat
accumulation can be analyzed.

Exposure Time 10 3000 10 Determines the X-ray generation time. A long exposure

(ms) time leads to an increase in the total dose. Students can
experience the effect of exposure time on dose and energy
consumption.

Anode Angle (°) 6 20 0.5  Itis the inclination angle of the anode surface. The anode
angle affects the focusing and heat dissipation of the X-
ray beam. The simulator visualizes the effect of anode
angle on instrument performance.

Anode Rotation 1000 1200 100 Determines the speed of the rotating anode. High speed

Speed (RPM) allows heat to spread over the anode surface and prevents
overheating. Students can understand the role of rotation
speed on heat accumulation.

Anode Diameter 40 120 1 Refers to the physical size of the anode. Anode diameter

(mm) is related to heat capacity and durability. With this
parameter, the thermal behavior of the anode can be
studied.

Cathode 0.1 0.5 0.01 These parameters are effective on the structural properties

Thickness (mm) and electron emission efficiency of the cathode. The
choice of cathode material is important in terms of
operating temperature and efficiency.

Filtration 0 5 0.1 It allows filtering of low energy photons from the X-ray

Thickness (mm) beam. Filtration maintains image quality while reducing
patient dose. Students can experience the filtration effect
of different materials and thicknesses.

Collimator 5 30 1 Allows shaping of the X-ray beam. Collimator aperture

Aperture (mm) affects dose distribution and image area.

Room Distance 50 200 5 It is the distance between the X-ray tube and the patient.

(cm) As the distance increases, the dose decreases. With this
parameter, the change of the dose depending on the
distance can be analyzed.

Focusing Cup -500 O 10 It affects the focusing of the electron beam. Focusing

Voltage voltage variation affects the intensity of the electron beam

Glass Type and
Refrigeration

Type

and thus X-ray production.

The permeability of the tube glass and the cooling method
of the anode are simulated to analyze the durability and
performance of the device.

The dose analysis graph (screen output is shown in Figure 3) displays dose values over simulation time,
with the x-axis representing time in seconds and the y-axis showing dose measured in microgray (uGy).
Two lines are plotted: the room exit dose and the patient dose. Dose calculation depends on several
parameters, including tube voltage, current, exposure time, distance, and filtration. The patient dose is
modeled as approximately 70% of the room exit dose. The collimator aperture directly influences the
dose, with larger apertures increasing the dose. Additionally, the dose decreases with increasing distance
according to the inverse square law. Changes in parameters affect the dose as follows: increasing
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voltage, current, or exposure time raises the dose; increasing filtration thickness or distance reduces the
dose; and widening the collimator aperture increases the dose. The dose graph responds in real time to
parameter adjustments, showing dose accumulation over time.

P& PN Dose Analysis Heat Analysis Energy Analysis Statistics

X-Ray Spectrum

Summary | Voltage = 65 kV, Current = 110 mA, Anode: Tungsten, Distance: 100 cm
Expected room exit dose = 15.0 pGy | Patient dose » 10.5 pGy

Anode heat accumulation = 2723.8 kHU | Anode temperature = 933 °C

Total energy: 4933.5 J | X-ray yield: 0.00%

Cathode: 0.18 mm W, Glass: Borosilicate Glass, Filtration: Aluminum (Al), Cooling: Water Cooling

Figure 2. A screen output displaying the X-ray spectrum and its characteristics

Dose Analysis (Time Series)

@ Room Exit Dose (uGy) @ Patient Dose (iGy)

61.0 610 61.0

Summary | Voltage = 120 kV, Current = 200 mA, Anode: Tungsten, Distance: 100 cm
Expected room exit dose = 61.0 PGy | Patient dose = 42.7 UGy

Anode hest accumulation = 11428.6 kHU | Anode temperature ~ 3835 °C

Total energy: 24000.0 1 | X-ray yield: 0.00%

Cathode: 0.2 mm W, Glass: Lead Glass, Filtration: Aluminum (Al), Cooling: Water Cooling

Figure 3. A screen output showing a graph of the dose analysis results, illustrating the distribution and
levels of radiation dose

The heat analysis graph (screen output is shown in Figure 4) presents simulation time on the x-axis. It
features two y-axes: the left y-axis shows heat accumulation measured in kilo heat units (kHU), while
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the right y-axis displays the anode temperature in degrees Celsius (°C). Heat accumulation depends on
tube voltage, current, exposure time, anode diameter, and the type of cooling used. The anode
temperature is calculated based on the accumulated heat and the anode’s heat capacity. The anode’s
rotation speed and diameter influence how heat spreads and dissipates. The cooling method, whether
oil, water, or air, determines the rate at which the anode cools as voltage, current, and exposure time
increase, heat accumulation, and anode temperature rise. Conversely, increasing the anode’s rotation
speed and diameter reduces heat buildup and slows temperature increase. Changes in cooling type affect
the maximum anode temperature and cooling rate. This graph visually enables monitoring of the anode’s
risk of overheating during operation.

X-Ray Spectrum Dose Analysic [T UEV S  Energy Analysis  Statistics

Anode Heat Accumulation (Time Series)

Heat Accumulation (kHU) @ Anode Temperature (°C)

17142.9 5739 15.0

Summary | Voltage = 120 kV, Current = 200 mA, Anode: Tungsten, Distance: 100 cm
Expected room exit dose » 61.0 pGy | Patient dose = 42.7 pGy

Anode heat accumulation = 11428.6 kHU | Anode temperature = 3835 °C

Total energy: 24000.0 J | X-ray yield: 0.00%

Cathode: 0.2 mm W, Glass: Lead Glass, Filtration: Aluminum (Al}, Cooling: Water Cocling

Figure 4. A screen output displaying a graph of the heat analysis results, showing temperature
distribution and thermal behavior.

The energy analysis (screen output is shown in Figure 5) includes two main visualizations: a pie chart
showing the distribution of total energy into X-ray energy and heat energy, and a gauge chart indicating
the percentage of X-ray efficiency. The total energy is calculated using the formula E=VIt. The X-ray
efficiency n is computed by the formula n =9.1071°.Z. kV, where Z is the atomic number of the anode
material and kV is the tube voltage; this value is adjusted based on filtration and cathode material effects.
Heat energy is determined by subtracting the X-ray energy from the total energy. Parameter changes
affect the analysis such that increasing voltage and selecting different anode materials raise X-ray
efficiency, while filtration and cathode material also influence efficiency. Both the pie and gauge charts
update in real time to reflect these changes.
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X-Ray Spectrum Dose Analysis Heat Analysis Energy Analysis Statistics

Energy Distribution X-Ray Yield (%)

24000.0 0.13 23999.9 0.00

Summary | Voltage = 120 kV, Current = 200 mA, Anode: Tungsten, Distance: 100 cm
Expected room exit dose = 61.0 pGy | Patient dose = 42.7 pGy

Anade heat accumulation = 11428.6 kHU | Anode temperature = 3835 °C

Total energy: 24000.0 J | X-ray yield: 0.00%

Cathede: 0.2 mm W, Glass: Lead Glass, Filtration: Aluminum (Al), Cooling: Water Cocling

Figure 5. A screen output presenting the energy analysis results, including relevant data and
visualizations

X-Ray Spectrum DoseAnalysis  HeatAnalysis  Energy Analysis  [TLER0S)

Parameter Change Analysis

50 25208

Summary | Voltage = 100 k¥, Current = 300 mA, Anode: Tungsten, Distance: 100 cm
Expected room ext dose = 102.9 PGy | Patient dose = 72.0 pGy

Anode heat accumulation ~ 29698.2 kHU | Anade temperature » 9924 °C

Total energy: 36900.0 ) | X-ray yield: 0.00%

Cathode: 0.26 mm W, Glass: Lead Glass, Filtration: Aluminum (A1), Cooling: Oil Cooling

Figure 6. A screen output displaying a graph of statistical data, providing a visual representation of
key metrics and trends

The statistics graph (screen output is shown in Figure 6) is a bar chart displaying the number of changes
made to various parameters, including tube voltage (kV), filament current (mA), exposure time (ms),
filtration, anode angle, and rotation speed (RPM). Alongside the chart, numerical indicators show the
total number of parameter changes, the elapsed simulation time, and the accumulated total dose. Each
time the user adjusts a parameter, the corresponding bar’s value increases, providing a visual record of
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interaction frequency. Meanwhile, the simulation time and total dose values update in real time, offering
continuous feedback on the experiment’s duration and radiation exposure.

4. Conclusion

Simulator offers a robust and interactive educational tool specifically designed for students in
biomedical engineering and biomedical device technology. The simulator bridges theoretical knowledge
and practical understanding by combining realistic animations of electron beams, X-ray generation, and
anode rotation with detailed, real-time graphical analyses of X-ray spectra, radiation dose, heat
accumulation, and energy efficiency. The ability to manipulate critical parameters such as tube voltage,
filament current, filtration, and anode properties allows students to explore the complex
interdependencies within X-ray tube operation safely and cost-effectively, without the risks associated
with physical equipment. From an educational perspective, the simulator enhances learning by providing
immediate visual and quantitative feedback, fostering active experimentation and critical thinking.
Statistical tracking promotes reflective learning and safety awareness by assisting teachers and students
in monitoring participation and parameter exploration. Students' conceptual understanding of X-ray
physics is strengthened by this tool, which also gets them ready for practical uses in medical imaging
and device maintenance. Overall, the simulator is a great addition to biomedical device technology
curricula because it encourages practical learning, enhances technical proficiency, and reinforces safety
principles crucial for aspiring industry professionals. The simulations' source codes are available on
GitHub (https://aliakyuz12.github.io/Interactive-X-Ray-Tube-Simulation/) and can be used for
educational purposes.
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0z

Betonarme elemanlarin kesit 6zellikleri, sargili beton davranisini belirleyen temel faktorler arasinda yer almakta
olup, bu davranigin analitik hesaplara dogru bi¢imde yansitilmasi biiylik 6nem arz etmektedir. Bu kesit
ozelliklerine bagli cok sayida degiskenin belirlenmesi ve analiz edilmesi zaman alic1 olabilmektedir. Bu yiizden
giiniimiizde bircok yapay zeka tabanli modelleme yontemleri kullanilmaya baglanilmistir. Yapilan ¢alismada
Tiirkiye Bina Deprem Yonetmeligi’ne uygun olarak elde edilen betonarme kare kolon kesitlerinin sargili beton
basing dayanim degerlerinin belirlenmesinde yapay zeka ve optimizasyon tabanli analitik yaklasimlar birlikte ele
alinarak incelenmistir. Karar agaci algoritmasi ile sargili beton basing dayaniminda etkili olan dort temel girdi
parametresi belirlenmis; bu girdilerle farkli alt kiime yapilarina sahip adaptif ag tabanli bulanik ¢ikarim sistemi
(ANFIS) modelleri olusturulmustur. Ayrica pargacik siirii optimizasyonu (PSO) kullanilarak dort farklt model
olusturulmustur. Elde edilen sonuglara gore, ANFIS modelleri daha yiiksek dogruluk sunarken, PSO modelleri
parametrik formiilasyon ve islem verimliligi agisindan avantaj saglamig; her iki yOntemin {istiinliikleri
kargilagtirmali olarak ortaya konulmustur. Ayrica, PSO algoritmasiyla olusturulan modeller arasinda test, egitim
ve dogrulama verileri lizerinde belirgin farkliliklar olusmadigi gézlemlenmis, bu modellerin benzer dogruluk
diizeylerinde tutarli sonuglar verdigi gorilmiistir. ANFIS ve PSO'nun giiglii yonlerinin birlikte
degerlendirilmesiyle, gelecekte daha genellenebilir ve uyarlanabilir hibrit modellerin gelistirilmesi miimkiin
goriilmektedir.

Anahtar kelimeler: Sargili beton, basing dayanimi, yapay zeka, optimizasyon.

MODELING OF CONFINED CONCRETE COMPRESSIVE STRENGTH WITH
ARTIFICIAL INTELLIGENCE AND OPTIMIZATION BASED APPROACHES

ABSTRACT

The cross-sectional properties of reinforced concrete elements are among the basic factors determining the
behavior of confined concrete, and it is of great importance that this behavior is accurately reflected in analytical
calculations. Determining and analyzing a large number of variables depending on these cross-sectional properties
can be time-consuming. Therefore, many artificial intelligence-based modeling methods have started to be used
today. In the study, artificial intelligence and optimization-based analytical approaches were examined together in
determining the confined concrete compressive strength values of reinforced concrete square column sections
obtained in accordance with the Turkish Building Earthquake Code. Four basic input parameters effective in
confined concrete compressive strength were determined with the decision tree algorithm; adaptive network-based
fuzzy inference system (ANFIS) models with different subset structures were created with these inputs. In addition,
four different models were created using particle swarm optimization (PSO). According to the results obtained,
ANFIS models provided higher accuracy, while PSO models provided advantages in terms of parametric
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formulation and processing efficiency; the superiorities of both methods were demonstrated comparatively. In
addition, it was observed that there were no significant differences between the models created with the PSO
algorithm on the test, training, and check data, and it was seen that these models gave consistent results at similar
accuracy levels. By evaluating the strengths of ANFIS and PSO together, it seems possible to develop more
generalizable and adaptable hybrid models in the future. According to the obtained results, the superiorities of
ANFIS and PSO-based models were comparatively demonstrated.

Keywords: Confined concrete, compressive strength, artificial intelligence, optimization.

1. Giris (Introduction)

Tiirkiye Bina Deprem Yonetmeligi’nde (TBDY) [1] betonarme binalarin dogrusal olmayan yontemler
kullanilarak sekildegistirmeye gore degerlendirilmesinde beton igin sargisiz ve sargili beton modelleri
verilmistir. Betonarme elemanlarin kesit 6zelliklerine bagl olarak sargili beton basing dayanimlarinin
ve davramiglarinin dogru bir sekilde belirlenebilmesi kesit hesaplart ile dogrusal elastik olmayan
davraniglarinin gergege yakin olarak belirlenebilmesi i¢in biiylik 6neme sahiptir. Bu durum &zellikle
deprem esnasinda binanin ayakta kalmasini saglayan kolon elemanlar i¢in daha da oOnemlidir.
Literatiirde betonarme elemanlarin kesit oOzelliklerinin degisiminin sargili beton modellerinin
davranisina etkisinin incelendigi birgok ¢aligma bulunmaktadir [2-10].

Beton ve betonarme elemanlarin 6zelliklerinin belirlenmesi sinirli ve uzun siire gerektirebileceginden
dolay1 sargili beton basing dayaniminin tahmininde veri madenciligi ve yapay zeka tabanli modelleme
yontemleri giinlimiizde kullanilmaya baslanmigtir [11-18]. Yapay zeka tabanli modelleme yontemleri
icinde Ozellikle adaptif ag tabanli bulanik ¢ikarim sistemi (ANFIS), 6grenme kabiliyeti ve bulanik
mantikla belirsizligi yonetme yetenegi nedeniyle miihendislik alanlarinda yaygin olarak tercih
edilmektedir [19-20]. Betonun ve betonarme elemanlarin basing dayanimlarinin tahmin edilmesinde
sikca kullanilmistir [21-23]. Ayrica genetik algoritma, parcgacik siirii optimizasyonu (PSO), vb. dogadan
esinlenen optimizasyon teknikleri, analitik modellerin dogruluk diizeyini arttirarak parametre
kalibrasyonunda etkili ¢éziimler sundugu i¢in kullanilmaya baglanmistir [24-25]. Literatiirde yapilan
caligmalar genel olarak incelendiginde ANFIS ve PSO gibi yontemlerin ayr1 ayn sekilde kullanildig
gOriilmustiir.

Bu ¢alismada, kesit 6zellikleri TBDY’ye [1] gore belirlenmis betonarme kare kolonlarin sargili beton
basing dayaniminin tahmin edilmesinde yapay zeka temelli modelleme ve optimizasyon tabanli analitik
yaklagimlarin biitlinlesik bi¢imde ele alindig1 6zgiin bir yontem Onerilmektedir. Literatiirde siklikla
karsilasilan ANFIS modellerinin veri giidiimlii 6grenme kabiliyeti, bu ¢alismada karar agaci algoritmasi
ile desteklenerek giris parametrelerinin se¢iminde nesnel ve etkili bir yontem olarak uygulanmustir.
Belirlenen dort temel parametre (sargisiz beton basing dayanimi, sargi donatist kol adedi, sargi
donatisinin kollar1 aras1 mesafe ve sargi donatisi orani) sargi etkisinin temsil giicli yiiksek degiskenler
olup modelin performansini énemli 6lgiide arttirmistir. Buna ek olarak, PSO algoritmasi kullanilarak
dort farkli yapilandirmada olusturulan ampirik denklemler hem sabit katsayili hem de serbest
parametreli senaryolarda kok ortalama karesel hata (RMSE) ve mutlak hata (AE) minimizasyonuna
odakli olarak optimize edilmistir. Gelistirilen bu modellerin dogruluk, hata pay1 ve istatistiksel
anlamlihgi; regresyon (R?), RMSE ve ortalama mutlak hata (MAE) ile ¢ok yonlii olarak
degerlendirilerek ANFIS ile PSO temelli modellerin istiinliikleri karsilagtirmali olarak ortaya
konulmustur. Elde edilen bulgular, sargili beton basing dayaniminin tahmininde modern hesaplama
yaklagimlarinin mithendislik uygulamalarma entegrasyonuna yonelik 6nemli katkilar sunarak literatiire
metodolojik a¢idan yenilik¢i bir perspektif kazandirmaktadir.

2. Materyal ve Metot (Material and Method)

2.1. Kolonlarin kesit 6zellikleri (Section properties of columns)
Betonarme kolonlarin kesit 6zellikleri belirlenirken {ilkemizde tasarim asamasinda giincel olarak
kullanilmakta olan TBDY [1] ile Betonarme Yapilarin Tasarim ve Yapim Kurallar: (TS500) [26] dikkate

almmistir. Bu yonetmeliklerde verilen smir degerlere uyulmustur. Kolonlarin kesit 6zelliklerinin
degerleri Tablo 1°de detayli olarak sunulmustur.
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Tablo 1. Kolonlarin kesit 6zellikleri (Value ranges of section properties)

Ozellik Deger Arahg
Beton basin¢ dayanimi (MPa) 25-30-35-40-45-50
Kesit boyutlar1 (mm) 300-350-400-450-500
Boyuna donati ¢ap1 (mm) 14-16-18-20-22-24-26-28-30
Boyuna donati adedi 4-8-12-16-20-24-28-32
Sarg1 donatist ¢ap1 (mm) 8-10-12
Sarg1 donatis1 kol adedi 2-3-4-5-6-7-8-9
Sarg1 donatis1 aralig1 (mm) 50-75-100-125

Tablo 1’de verilen degerler her bir kesite uygulanamamistir. Bunun nedeni TBDY [1] ve TS 500 [26]
yonetmeliklerinde verilen diger tasarim sartlarini saglayabilmektir. Bu maddeler asagida sirasiyla
verilmistir.

» Minimum enine donati orani (Denklem 1)
» Minimum enine donati ¢apinin boyuna donati ¢apina gore sinirlandirilmasi (Denklem 2)
» Minimum ve maksimum boyuna donati oranlar1 (%1-4)
» Boyuna donatilar aras1 mesafelerin siirlandirilmasi
» Sarilma bolgelerinde enine donati araliginin sinirlandiriimasi (Sekil 1)
» Enine donat1 kollar1 aras1 yatay mesafenin sinirlandirilmasi (Sekil 1)
| En algak kirigin !
| yuksekligi boyunca |
| alttaki sanima g v’?[ i
| bolgesi igin hesaplanan § i
i enine v )
| donat miktarmnm w
1 en az %60 -
| & =
g
gk 57 S« §
5835 LE B
N\w\r\;"t == FARFARIFAY
' B
bn'(
——
& E\ b 1 B <
Agtoz Awag, o QE o]
oW
= _ o
Ag=2(Ag ¥ gproser) .
A
] E
max a;=25¢ | =
o 2 [
(g enine donat gapy g Do
:
[ B ST B =
| | | L,
=1 O 1 Bo
LT= v
o
b 7 “"m I
| 2 | £
Ag=yiA 3 -
[T 1 1 | Sk
I 5l 5%g
Age A Az An 3 RN A A
Ag=2(Agr+Agg) 3
2
i Alttaki sariima i
| bolgesiigin hesaplanan ) |
i enine donal miktarmmn E o] E
1 enaz %400 ) !
| v i
: " :

Sekil 1. Enine donati araliginin ve kollarinin sinirlandirilmasi (Limitation of the spacing and branches
of transverse reinforcement)

*Sorumlu Yazar/Corresponding Author: abdullahgundogay@sdu.edu.tr 109


https://doi.org/10.62301/usmtd.1716436
https://doi.org/10.62301/usmtd.1716436
mailto:abdullahgundogay@sdu.edu.tr

Uluslararasi Siirdiiriilebilir Miithendislik ve Teknoloji Dergisi ISSN: 2618-6055/9, (1), 107 — 117, 2025

International Journal of Sustainable Engineering and Technology DOI:10.62301/usmtd.1716436

fera

Ps,min = 0.3 fCt bw (1)
ywd

P/ <0, @

Denklem 1 ve 2’de verilen psmin, enine donati oranini; feg, betonun tasarim ¢ekme dayanimint; fywq,
enine donatinin tasarim akma dayanimini; by, kesit genisligini; @, boyuna donat1 ¢apini; @ ise enine
donati capini ifade etmektedir.

Yukarida maddeler halinde verilen tasarim sartlarinin da saglandig1 7556 adet betonarme kolon kesiti
olusturularak sargili beton basing dayanimlari hesaplanmistir.

2.2. Sargih beton basin¢ dayanimi (Confined concrete compressive strength)
Calisma kapsaminda olusturulan betonarme kolon kesitlerinin sargili beton basing dayanimlar

TBDY’ye [1] uygun olarak asagida verilen denklemler yardimiyla hesaplanmistir. Sargili betonun
davranigina ait gerilme-birim sekildegistirme diyagrami Sekil 2’de sargisiz beton ile kiyaslamali olarak

sunulmustur.
=0 (-5 (5)
k.=(1- I-— [ 1-— ) 1- 3
¢ < 6b,h, 2b, 2h, b,h, ®)
fe:(fex + fey)/ 2 s feX:kerfyw 5 fey:kepyfyw (4)
fo 1
fo.=| 2.254 [1+7.94 —-2—-1.25 |f,, (5)

co co

Denklem 3 ile 6 arasinda verilen ke, sargilama etkinlik katsayisini; a;, boyuna donatilarinin eksenleri
arasindaki mesafeyi; s, enine donati araligini; As, toplam boyuna donati alanini; b, ile h,, enine donatinin
eksenleri arasindaki kesit boyutlarini; f, etkili sargilama basincini; fiy ile fey, ilgili yonlerdeki sargilama
basincini; px ile py, ilgili yonlerdeki enine donatilarin hacimsel oranmni; fyw, enine donati akma
dayanimini; f.,, sargisiz beton dayanimini; fe., ise sargili beton basing dayanimini ifade etmektedir.

fo A

fre Sargili beton modeli
Sargisiz beton

Jeo modeli

Eco=0002 00035 0005 o Eeu Ee

Sekil 2. TBDY ’ye gore beton modellerine ait gerilme-birim sekil degistirme diyagramlari (Stress-
strain diagrams of concrete models according to TBDY) [1]

2.3.Karar agaci (Decision tree)
Karar agaci, genel olarak mevcut verileri 6zelliklerine gore cesitli dallara ayirarak bir karar vermeye

veya tahmin yapmaya calisan bir yapidir. Yani her karar agaci oncelikle kokten baglayarak dallara ayrilir
ve her i¢ diigiimiinde veri, belirlenen bir 6zellige gore boliiniir. Yaprak diigiimlerinde ise karar verilmis
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olur. Boylelikle karmagik veriler bile anlamli gruplara ayrilarak her veri noktasi i¢in uygun karar kolayca
bulunabilir.

2.4. Adaptif ag tabanh bulanik ¢cikarim sistemi (Adaptive neuro-fuzzy inference system)

ANFIS, 6zellikle dogrusal olmayan sistemlerin modellemesinde tercih edilmektedir. Bulanik mantigin
yorumlama yetenegi ile yapay sinir aglarinin 6grenme yetenegini birlestiren melez bir yapay zeka
modelidir [27]. Sugeno tipi bulanik ¢ikarim sistemini kullandig: igin sistemin parametrelerini veriye
dayal1 olarak optimize etmektedir. Model mimarisi, yapay bir sinir ag1 bigciminde olup genellikle girdi,
tiyelik fonksiyonu, kural, normalizasyon ve ¢ikis katmanlarindan olusan bir yapiya sahiptir [28]. Girdi
katmaninda, model tarafindan alinan girdiler tanimlanir. Uyelik fonksiyonu katmaninda her bir girdi
degiskeni bulanik kiimeler haline getirilir. Kural Katmaninda, bulanik kurallar uygulanarak her bir
diigiim bir kural tarafindan gosterilir. Normalizasyon katmaninda, her bir kuralin atesleme kuvveti
hesaplanarak normalize edilir. Cikis katmaninda ise normalize edilmis atesleme kuvvetlerine gore sonug
degerleri hesaplanir.

ANFIS’te olusturulan modelin gilivenilir sonuglar verebilmesi igin egitim, test ve dogrulama veri
kiimelerinin dogru bir sekilde belirlenmesi gerekmektedir. Egitim verileri, olusturulan modelin 6grenme
asamasinda kullandig1 ana veri kiimesi oldugu i¢in verilerin %60’1n1; dogrulama verileri, olusturulan
modelin asir1 6grenme yapip yapmadigini kontrol etmek amaciyla kullanildigi igin verilerin %20’sini;
test verileri ise modelin genel performansint Olgmek i¢in kullanildigr igin verilerin %20’sini
kapsamalidir. Bunun i¢in ¢alismada egitim amaciyla 4533 adet veri, dogrulama amaciyla 1512 adet veri,
test igin ise 1511 adet veri kullanilmistir. Egitim, test ve dogrulama veri kiimelerine ait tanimlayict
istatiksel bilgiler girdi parametreleri (f.o, kesit boyutlari (b, h), @, boyuna donati adedi (ny), sargi donatist
cap1 (@s), sargi donatist adedi (ns), s, As, ai, enine donat1 orani (ps) ve boyuna donati orani (p)) ile ¢ikt
icin Tablo 2 ile Tablo 4 arasinda sunulmustur.

Tablo 2. Egitim veri kiimesi i¢in istatiksel bilgiler (Statistical information for the training dataset)

feo b, h 0] n Os n N As ai Ps p fee
(MPa) (mm) (mm) " (mm) " (mm) (mm) (mm) (%) (%) (MPa)
Ortalama  35.96 486.89 19.73 18.84 1048 5.17 64.17 573443 110.83 1.48 237 62.72

Stf_‘lf;‘tl:“ 0.13 135 006 010 002 003 026 4052 071 001 001 022
Sstzg‘:;‘: 846 91.10 413 700 155 180 17.83 2727.78 47.71 0.7 0.80 14.63

Bastkhk  -1.21  -0.90 -0.40 -0.76 -1.22 -0.79 0.45 -0.13 1.05 1.54 -1.05 -0.30
Carpiklik 023 -043 050 0.06 -0.45 0.33 1.05 0.68 1.26 125 0.16 0.45
En Kiiciik 25 300 14 4 8 2 50 101790 54.00 0.60 1.01 36.05
En Biiyiik 50 600 30 32 12 9 125 14137.20 262.00 3.70 3.98 114.28

Givenirlk 5,5 565 012 020 005 005 052 7943 139 002 002 043
Diizeyi

Tablo 3. Test veri kiimesi i¢in istatiksel bilgiler (Statistical information for the test dataset)

feo b,h ¢ n ¢s n S As ai Ps p fee
(MP2) (mm) (mm) ™ (mm) ™ (mm) mm) (mm) (%) (%) (MPa)
Ortalama 3595 486.14 19.70 18.86 10.48 5.16 63.15 571946 110.49 151 2.37 63.12

Stf_‘lf;‘tl:“ 022 235 0.1 018 004 005 046 70.10 120 002 002 038
Sstzg‘:;‘: 846 9150 412 701 155 178 17.70 272505 46.69 0.59 0.80 14.73

Basikhk  -1.20 -090 -0.39 -0.76 -1.21 -0.76 0.72  -0.01 0.85 1.66 -1.02 -0.06
Carpikhk 024 -043 051  0.06 -045 036 1.17 0.70 1.19 129 0.17 0.49
En Kiiciik 25 300 14 4 8 2 50 101790 54.00 0.61 1.01 36.81
En Biiyiik 50 600 30 32 12 9 125 14137.20 262.00 3.70 3.98 113.69

Givenirlk 5y 460 021 035 008 009 089 137.51 236 003 004 074
Diizeyi
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Tablo 4. Dogrulama veri kiimesi i¢in istatiksel bilgiler (Statistical information for the check dataset)

feo b,h [0} n s n S As ai Ps p fec
(MPa) (mm) (mm) " (mm) " (mm) (mm) (mm) (%) (%) (MPa)
Ortalama  35.96 487.07 19.74 18.85 10.48 5.23 63.86 5740.18 109.40 1.50 2.37 63.18

Stﬁi‘g:“ 022 234 010 018 0.04 005 046 7012 120 0.02 0.02 0.39
Sstzgf;‘;t 847 90.88 405 7.04 155 1.83 17.98 272643 4680 0.0 0.80 15.12

Basiklik -1.20 -0.89 -0.34 -0.77 -1.22 -0.81 0.58 -0.22 111 136 -1.05 -0.15
Carpikhik  0.24 -044 052 0.07 -045 033 111 0.65 1.27 121 0.14 0.50
En Kiigiik 25 300 14 4 8 2 50 101790 54.00 0.60 1.01 35.92
En Biiyiik 50 600 30 32 12 9 125 14137.20 262.00 3.70 3.98 114.58

G‘];Vﬁezr:;li‘k 043 458 020 036 008 0.09 091 13754 236 003 004 0.76

2.5. Parcacik siirii optimizasyonu (Particle swarm optimization)

PSO, popiilasyon tabanli optimizasyon algoritmasidir ve dogada yasayan balik topluluklari, kus siiriileri
gibi organizmalarin grup hareketlerinden esinlenerek gelistirilmistir. Algoritmada, arama uzayindaki
her bir ¢oziim adayma parcacik adi verilmektedir. Her pargacik hiz ve konum vektoérlerine sahip
olmaktadir [29]. Siiriideki tiim parcaciklar, zamanla hem kendi hem de siiriideki en iyi konumlarina gore
kendilerini giincelleyerek ¢oziim uzaymdaki en iyi noktaya dogru hareket ederler. Algoritmanin
durdurma kriterine kadar yinelemeler yapilarak siirii igindeki en iyi par¢acik bulunmaya ¢alisilir.

3. Arastirma Bulgular (Research Findings)

Yapilan ¢alisma kapsaminda 6ncelikle her bir betonarme kolon kesitinin sargili beton basing dayanimi
11 adet girdiye bagh olarak elde edilmistir. Girdi sayis1 oldukca fazla oldugundan dolayr ANFIS
modellerinde zamanlama agisindan ¢ok uzun siireler alacagi igin oncelikle karar agaci kullanilarak en
fazla etkili olan girdi parametreleri belirlenmistir. 7556 adet betonarme kolon kesitine ait verilerin karar
agacindan degerlendirilmesi sonucunda f., ve ps en énemli iki parametre olarak belirlenmistir. ikinci
etapta ise sirasiyla a; ve ns bunlara en yakin girdi parametreleri olarak bulunmustur (Sekil 3). Bu
parametrelere gore ANFIS modelleri ti¢ ve dort girdili olarak kurulmustur. Girdilerin alt kiime sayilari
belirlenirken karar agacindaki dagilimlar1 dikkate alinmistir. Ug girdili model igin 40 adet, dort girdili
model i¢in ise 100 adet olmak lizere toplam 140 adet ANFIS modelinin analizi gergeklestirilmistir.
Analizler sonucunda veri kiimeleri i¢in elde edilen R?, RMSE ve MAE degerleri Tablo 5’te kiyaslamali
olarak sunulmustur. ANFIS model sayisinin fazlaligindan dolay1 ii¢ ve dort girdili modellerin her biri
icin girdi parametrelerine bagl olarak veri kiimeleri i¢in en iyi sonuglar1 veren modellere ait degerler
Tablo 5’te verilmistir.

Sekil 3. Karar agact modeli (Decision tree model)
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Tablo 5. ANFIS modellerine ait analiz sonuglar1 (Analysis results of ANFIS models)

Girdi Egitim Test Dogrulama

Modeller .

Parametreleri R? RMSE MAE R! RMSE MAE R? RMSE MAE
6-6-5 o 0,994 1,158 0,015 0994 1,182 0,015 0,994 1,190 0,015
6-6-6 com A Ps 0,993 1,183 0,015 0,993 1211 0,016 0,994 1205 0,016
6-4-5 0,997 0,749 0,010 0,997 0,770 0,010 0,997 0,780 0,010
6-5-4 0,997 0,746 0,010 0,997 0,765 0,010 0,997 0,780 0,010
6-5-5 feo- D= Ps 0,997 0,742 0,010 0,997 0,764 0,010 0,997 0,781 0,010
6-6-5 0,997 0,742 0,010 0,997 0,769 0,010 0,997 0,787 0,010
6-6-6 0,997 0,743 0,010 0,997 0,766 0,010 0,997 0,782 0,010
6-2-4-6 0,998 0,711 0,009 0,998 0,730 0,009 0,998 0,726 0,009
6-2-6-5 0,998 0,690 0,009 0,998 0,724 0,009 0,998 0,717 0,009
6-2-6-6 0,998 0,698 0,009 0,998 0,730 0,009 0,998 0,715 0,009
6-3-6-5 0,998 0,666 0,008 0,998 0,712 0,009 0,998 0,695 0,009
6-3-6-6 0,998 0,667 0,008 0,998 0,715 0,009 0,998 0,696 0,009
6-4-4-6  fu-ne-ac-ps 0,998 0,661 0,008 0,998 0,708 0,009 0998 0,697 0,009
6-4-6-6 0,998 0,641 0,008 0998 0,717 0,009 0,998 0,693 0,008
6-5-5-6 0,998 0,599 0,007 0,998 0,701 0,008 0,998 0,670 0,008
6-6-3-3 0,998 0,699 0,009 0,998 0,734 0,009 0,998 0,736 0,009
6-6-5-6 0,998 0,646 0,008 0,997 0,812 0,009 0,997 0,774 0,009
6-6-6-6 0,998 0,635 0,008 0,997 0,825 0,009 0,997 0,771 0,009

Tablo 5’te, modeller siitunundaki sayilarin her biri sirasiyla girdi parametrelerinin alt kiime sayisin
gostermektedir. Analiz sonuglari incelendiginde, 6-5-5-6 modeli egitim, test ve kontrol veri kiimelerinde
en yiiksek R?, en diisiik RMSE ve MAE degerleri elde edilmistir. Bu modele ait sagilim diyagramlari da

Sekil 4’te sunulmustur.

Hesaplanan Dayanim (MPa)

120 4 120 s
= y =0.9983x + 0.1066 = vy =0.9982x + 0.0858
% R*=10.9983 % R?=0.9977
< 100 <, 100
g g
= =
5 5
=z 80 z 80
A A
g g
= 60 = 60
& &
g g
E 40 E 40
G G
= 7’ . e . = s P
’ o Egitim Verileri ’ & Test Verileri
20 # 20 #
20 40 60 80 100 120 20 40 60 80 100 120
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=
g 100
g
3
=
= 80
o}
5]
= 60
351
g
2 40
=
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’ O Check Verileri
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Sekil 4. 6-5-5-6 modeli i¢in sag¢ilim diyagramlar1 (Scatter diagrams for the 6-5-5-6 model)
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PSO algoritmasi kullanilarak hem sabit katsayili hem de serbest parametreli senaryolar dikkate aliarak
RMSE ve AE minimizasyonuna odakl1 dort farkli model olusturulmustur. Sabit katsayili RMSE (Model
1), RMSE (Model 2), sabit katsayilit AE (Model 3) ve AE (Model 4) modellerine ait denklemler sirasiyla
asagida sunulmustur. Ayrica bu modellere ait R?, RMSE ve MAE igin elde edilen degerler kiyaslamali
olarak Tablo 6’da sunulmustur.

f.. = 1,1804f,, + 0,5491ng — 0,0130a, + 14,2597p, — 2,2418 (1)
f.e = 1,1659f,, + 0,3772ng — 0,0194a, + 14,1747p, )
f.o = 1,1694f,, + 0,6450ng — 0,0015a, + 14,8703p, — 4,2638 3)
f.o = 1,1461f., + 0,2946n, — 0,0138a, + 14,6640, (4)

Tablo 6. PSO modellerine ait analiz sonuglar1 (Analysis results of 4 inputs ANFIS models)

Egitim Test Dogrulama
R? RMSE MAE R?! RMSE MAE R?! RMSE MAE
Model 1 0,988 1,626 0,020 0,987 1,708 0,020 0,988 1,659 0,020
Model2 0,987 1,654 0,021 0986 1,742 0,021 0,988 1,692 0,021
Model 3 0,987 1,696 0,019 0985 1,795 0,019 0,987 1,728 0,019
Model4 0,987 1,720 0,020 0,985 1,827 0,020 0,987 1,761 0,020

Modeller

Tablo 6 incelendigince egitim, test ve dogrulama veri kiimeleri igin R* ve RMSE i¢in en iyi sonuglarin
Model-1’den, MAE igin ise Model-3’ten elde edildigi goriilmektedir. Bu modellerin veri kiimeleri igin
sagilim diyagramlari1 Sekil 5 ile Sekil 7 arasinda karsilastirmali olarak verilmistir.

120 - 120 -
= y=0.9812x + 1.1433 # = y=0.9836x + 1.2395 2
% R2=10.9877 E R2=0.9868
& 100 & 100
g g
g g
< &
= 80 = 80
a A
g g
= 60 = 60
= o
.8 g
g 40 g 40
g g
‘ 0 1.Model ‘ 03.Model
20 -~ 20 -
20 40 60 80 100 120 20 40 60 80 100 120
Hesaplanan Dayanim (MPa) Hesaplanan Dayanim (MPa)

Sekil 5. Model 1 ve Model 3’teki egitim verilerinin sa¢ilim diyagramlari (Scatter plots for the training
data in Models 1 and 3)

120 120 -
= = y=0.9854x +1.1139 .
% % R?=10.9853
& 100 < 100
g E
S %0 £ 80
<
A A
g g
= 60 = 60
E E
g 8
E 40 E 40
E ‘<
‘ 4 1.Model . ’ 23.Model
20 -~ 20 -
20 40 60 80 100 120 20 40 60 80 100 120
Hesaplanan Dayanim (MPa) Hesaplanan Dayanim (MPa)

Sekil 6. Model 1 ve Model 3’teki test verilerinin sagilim diyagramlari (Scatter plots for the test data in
Models 1 and 3)
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Sekil 7. Model 1 ve Model 3’teki dogrulama verilerinin sagilim diyagramlari (Scatter plots for the
check data in Models 1 and 3)

4. Tartisma ve Sonuc (Results and Discussion)

Bu c¢alismada, TBDY’ye [1] uygun olarak modellenen 7556 adet betonarme kare kolon kesiti
kullanilarak sargili beton basing dayaniminin tahmini i¢in yapay zeka ve optimizasyon tabanli iki farkli
yontem olan ANFIS ve PSO sistematik bi¢imde karsilastirilmistir. Bunun i¢in dncelikle betonarme
kolonlara ait 11 farkl1 girdi parametresi tanimlanmis olup, bu parametrelerin model tizerindeki etkilerini
belirlemek amaciyla karar agaci algoritmasi1 uygulanmistir. Karar agaci analizi sonucunda, sargili beton
basing dayanimini en fazla etkileyen dort temel girdi parametresi olarak fe, ps, as ve ng belirlenmistir.
Bu dort temel girdi parametresi kullanilarak hem ANFIS hem de PSO tabanli modeller olusturulmus ve
sargili beton basing dayaniminin tahmini agisindan performanslari karsilagtirilmastir.

Modelleme sonuglaria goére 6-5-5-6 yapisina sahip dort girdili ANFIS modeli egitim, test ve dogrulama
veri kiimelerinde oldukg¢a basarili sonuglar vermistir. Bu bulgular, karar agaci ile yapilan degisken
seciminin model performansim arttirmada etkili oldugunu ve ANFIS’in az sayida ama anlaml girdilerle
yiiksek basari saglayabildigini gdstermistir.

PSO algoritmasi ile olusturulan RMSE ve MAE degerlerini minimum yapmak iizerine kurulmus dort
farklit model sonuglarina gore egitim, test ve dogrulama veri kiimeleri {izerinde ¢ok belirgin farklar
olusmadig1 gorilmiistiir. Bu durum PSO'nun sargili beton basing dayanimini temsil eden karmasik ve
cok degiskenli iligkileri etkin bir bicimde modelleyebildigini ve 6zellikle analitik denklem tabanl
tahminlerde etkili bir ara¢ oldugunu goéstermektedir.

ANFIS modelleri, 6zellikle yiiksek dogruluk diizeyleri ve diisiik hata oranlar ile 6ne ¢ikarken; PSO
modelleri ise parametrik yalinlik, analitik formiilasyon tiretimi ve iglem verimliligi agisindan avantaj
saglamistir. Her iki yontemin elde ettigi sonuglar, yapay zeka ve optimizasyon tabanli yaklasimlarin bu
alanda etkili tahmin araglar1 sundugunu ortaya koymakta; ANFIS'in 6grenme yetenegi ile PSO'nun
optimizasyon giicliniin birlikte degerlendirilmesinin ileride daha gii¢lii modeller gelistirilmesine olanak
saglayacagini gostermektedir.

Gelecekte yapilabilecek ¢alismalar icin cesitli beton modelleri, yapay zeka ve optimizasyon modelleri
kullanilarak arastirmanin genisletilmesi, ulusal ve uluslararasi literatiirin gelismesine katkida
bulunacaktir. Literatiirde yaygin tercih edilen sargili beton modellerinin basing dayanimlari arasindaki
uyum incelenerek modelleme galigmalar1 yapilabilir. Ozellikle yiiksek basmng dayammina sahip
betonarme kesitler i¢in deneysel ¢alismalar yapilarak elde edilen sonuglarin analitik hesaplar ile uyumu
arastirilabilir.
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ABSTRACT

The carbon footprint is one of the key indicators used to evaluate the environmental impacts of human activities
and to guide sustainability policies. It refers to the total amount of greenhouse gases emitted into the atmosphere
by individuals, institutions, or products. The carbon footprint encompasses not only direct emissions such as those
resulting from energy production but also indirect sources, including manufacturing processes, logistics
operations, and waste management. Today, these measurements are carried out based on various standards and
methodologies. In particular, advancements in sensor technologies, the widespread adoption of cloud-based
systems, and increased computational capacity have made it possible to monitor carbon footprints dynamically
and in real time. These technological developments enable more precise tracking of environmental impacts over
time and contribute to raising public awareness by providing personalized recommendations based on individual
consumption habits. This study provides a comprehensive examination of the definition and significance of the
carbon footprint, relevant standards, calculation methods, pricing mechanisms, and innovative technological
approaches.

Keywords: Carbon footprint, Information and communication technology, Carbon footprint calculation, Emission
reduction

BILGI VE ILETISIM TEKNOLOJILERI PERSPEKTIFINDEN KARBON AYAK IZi
0z

Karbon ayak izi, insan faaliyetlerinin c¢evresel etkilerini degerlendirmek ve siirdiiriilebilirlik politikalarim
yonlendirmek amaciyla kullanilan temel gostergelerden biridir. Bu gosterge, bireyler, kurumlar veya iiriinler
tarafindan atmosfere salinan toplam sera gazi1 miktarini ifade eder. Karbon ayak izi yalnizca enerji {iretimi gibi
dogrudan emisyonlar1 degil, ayn1 zamanda iiretim siirecleri, lojistik faaliyetler ve atik yonetimi gibi dolaylh
emisyon kaynaklarini da kapsamaktadir. Gliniimiizde bu 6l¢iimler ¢esitli standartlar ve metodolojiler temelinde
gerceklestirilmektedir. Ozellikle sensér teknolojilerindeki ilerlemeler, bulut tabanli sistemlerin yayginlagmasi ve
artan hesaplama kapasitesi sayesinde karbon ayak izinin dinamik ve ger¢ek zamanl olarak izlenmesi miimkiin
hale gelmistir. Bu teknolojik gelismeler, ¢evresel etkilerin zaman i¢inde daha hassas bir sekilde takip edilmesini
saglamakta; bireysel tiikketim aligkanliklarina yonelik oneriler sunarak toplumsal farkindaligin artmasina katkida
bulunmaktadir. Bu calismada karbon ayak izinin tanimi, Onemi, ilgili standartlar, hesaplama yontemleri,
fiyatlandirma mekanizmalar1 ve yenilik¢i teknolojik yaklagimlar kapsamli bir bigimde ele alinmaktadir.

Anahtar kelimeler: Karbon ayak izi, Bilgi ve iletisim teknolojileri, Karbon ayak izi hesaplama, Emisyon azaltma
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1. Introduction

The atmosphere absorbs a portion of the solar radiation emitted by the Earth’s surface and cools by
reflecting some of it back into space. However, a significant part of this radiation is absorbed by
greenhouse gases in the atmosphere, causing both the atmosphere and the Earth’s surface to warm. If
the atmosphere lacked this property, the Earth’s average temperature of 15°C would drop to
approximately -18°C [1]. Increased atmospheric concentrations of carbon dioxide, chlorofluorocarbons,
methane, and nitrogen oxides further amplify the greenhouse effect, which is considered the primary
driver of global climate change. According to the Intergovernmental Panel on Climate Change (IPCC),
the average global temperature on land and in the oceans increased by 0.85°C between 1880 and 2012
[2]. As a consequence of this temperature rise, glaciers are melting rapidly, sea levels are rising, and
shifts in evaporation and precipitation patterns are leading to more frequent droughts and floods. Among
these cascading effects, the depletion of water resources stands out as one of the most critical threats to
sustainable living and environmental balance [3,4].

The primary gases contributing to the greenhouse effect are carbon dioxide (CO:), methane (CHa),
nitrous oxide (N20), chlorofluorocarbons (CFCs), and fluorinated gases. These gases originate from
both natural processes and human activities, and their atmospheric concentrations have increased
significantly since 1750 [2]. As of 2011, the concentrations of CO2, CHa, and N20 had risen by 40%,
150%, and 20%, respectively, compared to pre-industrial levels, reaching 391 ppm, 1,803 ppb, and 324
ppb [2]. In response to these rising levels, numerous international discussions and initiatives have
emerged to address greenhouse gas emissions. Efforts began with the First World Climate Conference
in 1979 and continued with the establishment of the IPCC in 1988. In 1992, the United Nations
Conference on Environment and Development was held, during which the United Nations Framework
Convention on Climate Change (UNFCCC) was signed and adopted. The Kyoto Protocol, signed by
160 countries in 1997, emphasized the measurement and reporting of emissions, along with the
implementation of mitigation strategies. It came into force in 2005. Later, in 2015, the 21st Conference
of the Parties (COP21) convened in Paris, resulting in the adoption of the Paris Agreement, which
entered into force in 2016 [4,5].

In addition to the studies and discussions conducted, technical committees within the International
Organization for Standardization (ISO) have published three key standards: ISO 14064-1, ISO 14064-2
and ISO 14064-3 to provide standardized methods for tracking and managing greenhouse gas emissions.
ISO 14064-1 outlines the principles and requirements for quantifying and reporting greenhouse gas
emissions and removals at the organizational level [6]. ISO 14064-2 focuses on project-level activities,
providing guidance for calculating, monitoring, and reporting efforts aimed at reducing or eliminating
emissions [7]. ISO 14064-3 defines the criteria and processes for validating or verifying greenhouse gas
declarations and managing assurance activities [8].

Although systematic efforts to monitor greenhouse gas emissions in Turkey began relatively recently,
an official inventory has been maintained since 1990. In 1990, total greenhouse gas emissions were
228.4 million tons of CO:e, and this figure rose to 558.3 million tons by 2022 [9]. While per capita COz¢e
emissions were calculated as 4.1 tons/person in 1990, this value increased to 6.5 tons/person by 2023
[10]. The total greenhouse gas emissions for the Republic of Turkey are projected to reach 1,244.13
million tonnes of COze by 2030, based on estimates derived from an artificial neural network model.
This result significantly exceeds Turkey’s commitment of 929 Mt CO.e emissions for the year 2030, as
declared at the Paris Climate Summit [11].

Carbon dioxide (CO2) constitutes 76% of anthropogenic greenhouse gas emissions, followed by
methane (CHa4) at 16%, nitrogen oxides (NOx) at 6%, and fluorinated gases at 2%. The total amount of
greenhouse gases emitted directly or indirectly by individuals, organizations, activities, or products is
referred to as the carbon footprint [12]. Figure 1 illustrates the direct and indirect sources contributing
to the carbon footprint, along with associated mitigation strategies.

In this context, the carbon footprint has emerged as a widely recognized indicator of greenhouse gas
emissions. It has played a significant role in raising public awareness of climate change and the
environmental impacts of global warming, and is expected to continue doing so in the future [13].
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Figure 1. Overview of carbon footprint drivers and mitigation strategies

This study aims not only to examine the concept of the carbon footprint from technical and
methodological perspectives, but also to investigate the role of information and communication
technologies (ICT) from an interdisciplinary perspective. It offers a comparative evaluation of existing
calculation methods, technological advancements, and emission mitigation strategies discussed in the
literature, while also highlighting the innovative opportunities enabled by ICT-based systems.
Accordingly, the primary objective of the study is to demonstrate how digital technologies can be more
effectively leveraged to monitor and manage carbon footprints in alignment with sustainability goals.

2. Carbon Footprint Calculation Methodology

Determining carbon footprints is critically important for guiding sustainability initiatives, evaluating
and enhancing the effectiveness of emission reduction strategies, mitigating global climate change, and
understanding environmental impacts. To support these objectives, a variety of approaches,
methodologies, and tools have been developed from simple online calculators for individuals and
businesses to advanced, life cycle-based scientific models. These methods allow carbon footprint
assessments to be conducted across multiple levels, including countries, cities, organizations,
companies, households, and individuals [13]. However, despite the availability of sophisticated tools,
different carbon calculators may yield inconsistent results when using similar inputs [ 14]. In some cases,
the estimated values can differ by several metric tons per activity [15].

According to the EN ISO 14064-1 standard, greenhouse gas emissions that constitute a carbon footprint
are categorized into three main scopes. Scope 1 (direct emissions) refers to emissions from sources
owned or directly controlled by the organization, such as on-site fuel combustion. Scope 2 (indirect
energy-related emissions) includes emissions generated during the production of electricity, heat, or
steam purchased from external providers. Scope 3 (other indirect emissions) covers emissions indirectly
resulting from the organization’s activities but occurring from sources not owned or controlled by the
organization. This includes upstream and downstream processes such as supply chain operations,
product use, and waste management [4,6].

In this context, a review of existing studies shows that carbon footprint calculations typically begin by
identifying the relevant activities, products, and processes. Next, the scopes and their contents are
defined. Once the scopes are established, data related to the selected activities are collected. These data
are then converted into carbon dioxide equivalents (CO:e) using appropriate unit conversions.
Calculations are performed by applying emission factors corresponding to the type of energy or resource
consumed. Finally, the total carbon footprint is obtained by aggregating the calculated emission values.

Although general steps for carbon footprint calculation are commonly applied in the literature, there is
still no universally accepted method, standard, or consensus on how to calculate personal carbon
footprints [16,17]. In most cases, carbon footprint is calculated by multiplying the activity data that
cause emissions with the relevant emission factor (see Equation 1).

ES = ADS X EFS (1)
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Greenhouse gas emissions from a specific source (Es) are calculated by multiplying the activity data
(ADs) associated with that source by the relevant emission factor (EFs). Activity data represent a
quantifiable measure of resource use, such as liters of gasoline or kilowatt-hours of electricity, while
emission factors are coefficients used to convert activity data into greenhouse gas emissions.

Once the total greenhouse gas emissions (COz, CHs, NOy) from all sources are calculated, they are
aggregated and expressed as carbon dioxide equivalents (COz¢) (see Equation 2). CO:e is a standardized
unit commonly used to represent greenhouse gas emissions. It quantifies the global warming potential
of different gases by converting them into the equivalent amount of CO- [18].

Eg = Z (Es,fuels) (2)

fuels

The emission factor and oxidation factor values used in carbon footprint calculations may vary
depending on the specific methodology, standard, or guideline employed. In most studies, commonly
referenced sources include IPCC Tier methods [12,19-21], the GHG Protocol developed by
WRI/WBCSD [22], Annexes of relevant international agreements [23], and the UK Department for
Environment, Food and Rural Affairs (DEFRA) [12]. Table 1 presents selected DEFRA conversion
factors for 2024 for illustrative purposes [24].

Table 1. DEFRA 2024-based greenhouse gas conversion factors by fuel type for scope 1 and scope 2

emissions

Fuel Unit kg CO:e kg CO kg CH kg N:O

Type g CO: g CO: g CHq gN:

gztsural m? 2.04542 2.04140 0.00307 0.00095
Scope 1 Coal tonnes 2904.95234 2632 240.352 32.60034

Gasoline litres 2.0844 2.07047 0.00806 0.00587

Diesel litres 2.51279 2.47960 0.00029 0.0329
Scope 2 Electricity kWh 0.20705 0.20493 0.0009 0.00122

The DEFRA conversion factors, which are widely used in organizational carbon footprint assessments
in the UK, calculate emissions by multiplying activity data with the corresponding emission factors.
Similarly, the IPCC 2006 methodology, developed as part of international greenhouse gas reporting
standards, uses an emission factor-based approach to quantify emissions from energy use and industrial
processes. The IPCC 2006 guidelines define three calculation tiers, namely Tier 1, Tier 2, and Tier 3,
which represent different levels of methodological complexity and data specificity for estimating
greenhouse gas emissions [25].

The Tier-1 method is easier to apply than the others. In this method, the emission value is calculated by
multiplying the amount of fuel consumed by the emission factor and the oxidation factor (see Equation
3). The emission factor is a coefficient that varies by fuel type and is typically expressed in kilograms
of gas per terajoule (kg/TJ). It represents the amount of greenhouse gases released into the atmosphere
as a result of fuel combustion. In Tier 1 calculations, the oxidation factor is taken as 1 [19].

Emission = Fuel Amount x Emission Factor x Oxidation Factor 3)

In the Tier 2 method, country-specific or region-specific emission factors and fuel properties are used
to improve accuracy. The emission value is calculated as shown in Equation 4. In this equation, the
calorific value refers to the lower heating value of the fuel and is expressed in kilocalories (kcal). MW
represents the molar mass of carbon and carbon dioxide, expressed in grams per mole (g/mol). The
symbol C denotes the carbon content percentage of the fuel by mass.

Emission
Wco,

= Fuel Amount x Calorific Value x Carbon Content x Oxidation Factor x
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The Tier 3 method is a facility-level approach that incorporates country-specific methodologies and
typically requires more detailed input data. This approach accounts for various parameters such as the
type of fuel used, combustion technology, emission control methods, and maintenance practices. It also
considers fuel characterization and operating conditions, all of which must be specifically determined
for each facility [19].

The scope and depth of calculations vary significantly across carbon footprint assessment studies.
Developed carbon calculators are designed to estimate not only individual carbon footprints but also
those of organizations and products. Mulrow et al. [26] evaluated 31 publicly accessible calculators
capable of estimating personal carbon footprints. Their analysis showed that simpler tools generally
calculate emissions based solely on energy-related activities. In contrast, more comprehensive
calculators also incorporate lifestyle and consumption factors such as diet and travel behavior. Some
applications further provide tailored recommendations to help users reduce their carbon emissions. The
authors emphasized that input parameters vary widely among personal carbon footprint calculators, and
that no standardized framework has yet been established.

Carbon footprint calculators are also used at the organizational level. In a study conducted by Harangozo
and Szigeti [27], the carbon footprint of a hypothetical company was evaluated under three scenarios
involving varying energy consumption levels and supplier activity characteristics. To assess the
consistency of the results, the researchers examined whether the calculators produced similar outputs
when provided with identical input data. The findings revealed that the reliability of the calculators was
insufficient. The authors attributed this inconsistency primarily to variations in calculation methods and
emission factors [13].

Product-based carbon footprint assessments differ from individual or organizational assessments in both
scope and methodology. These calculations are more complex, as they account for greenhouse gas
emissions generated throughout the entire life cycle of a product. Due to the dependence on supply chain
structures and life cycle stages, it is not feasible to develop a universal product-based calculator that
accommodates the wide variety of product types and categories [13]. Kim and Neff [28] analyzed eight
carbon calculators designed to estimate and communicate indirect emissions from food consumption in
the United States of America (USA). Their study revealed that most calculators tend to overlook diet-
related emissions. Moreover, they highlighted that dietary choices significantly contribute to indirect
greenhouse gas emissions, underscoring the need for more robust and comprehensive calculation
methodologies.

3. Carbon Emission Pricing Methods

There are two primary methods for pricing carbon emissions: carbon taxation and carbon trading.
Carbon trading is a market-based approach to reducing emissions, and the Emissions Trading System
(ETS) is its most widely implemented regulatory form. The carbon tax imposes a fixed price on
greenhouse gas emissions for all emitters, providing a direct economic incentive to reduce emissions. In
contrast, carbon trading involves setting an overall emissions cap and allowing participants who exceed
their allocated limits to purchase additional emission allowances. This system requires the establishment
of a functioning market for the trading of emission permits [29,30].

Although both carbon taxation and carbon trading aim to reduce emissions, they differ significantly in
terms of policy design, implementation mechanisms, and potential economic impacts. These differences
are summarized in Table 2 [30,31].
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Table 2. Comparative overview of carbon tax and carbon trading: key features and implementation

Feature

characteristics

Carbon Tax

Carbon Trading

Emission Reduction

Emission reduction is not
guaranteed due to the “polluter

More likely to reduce
emissions as it involves

Potential v L.
pays” approach. emission caps.
Easier to implement as it can be Requires detailed design as it
Regulatory Integration integrated into the existing tax introduces a new trading
system. mechanism.
Applicability Can be applied to all sectors and  Requires differentiation among

companies emitting carbon. sectors.

May create a market prone to

Prices are clear and transparent. . .
manipulation.

Pricing Mechanism

Offers trading opportunities

itional for firms.
Creates additional costs for firms that may offset costs.

Cost Impact

Carbon prices vary significantly across countries. As of April 2024, carbon taxes and ETSs have been
adopted in 75 countries worldwide. Together, these instruments cover approximately 24% of global
greenhouse gas emissions. Revenues from carbon pricing mechanisms surpassed $100 billion in 2023,
marking a notable increase compared to 2022. Carbon pricing is implemented through a range of policy
frameworks, either at the national level or within subnational jurisdictions. As of April 1, 2024, direct
carbon prices under existing tax and trading schemes range from as low as $1 to over $160 per tonne of
COze. In countries such as Ukraine, Argentina, and Indonesia, carbon prices remain at the lower end of
the scale (approximately $1 to 5/tCO.e). In contrast, Switzerland, Norway, Finland, and the Netherlands
report prices ranging from $90 to $120/tCOze. However, most existing prices remain well below the
levels required to align with the Paris Agreement targets, which are estimated to be at least $226 to
3851tCO2e for 2024. According to the World Bank’s 2024 report, countries with operational carbon
pricing schemes are illustrated in Figure 2 [32].

@ ETSand carbon tax implemented

aaaaaa

Figure 2. Worldwide Implementation of Carbon Pricing Mechanisms in 2024: ETS and Carbon Taxes

The unit cost of carbon pricing varies significantly across countries worldwide. A carbon tax is a policy
instrument that imposes a fee on entities based on the amount of carbon dioxide they emit, aiming to
reduce overall greenhouse gas emissions [33]. It is a widely recognized pricing mechanism and may be
implemented independently or alongside emissions trading schemes. This approach offers emission-
reducing entities several mitigation strategies, such as switching to low-carbon fuels, improving energy
efficiency, or altering production processes and input sources. The concept of a carbon tax was first
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introduced in academic and policy discussions during the 1970s and was initially implemented by
Northern European countries in the 1990s. Finland became the first country to apply a national carbon
tax in 1990, targeting fossil fuel consumption in sectors such as transportation, electricity generation,
and heating [30].

In addition to carbon taxation, carbon trading is a market-based mechanism designed to lower the overall
cost of reducing greenhouse gas emissions from human activities [S]. It contributes to both air quality
improvement and climate change mitigation, which are essential goals in addressing global warming.
The carbon trading system requires companies to limit their greenhouse gas emissions to predefined
thresholds and to verify their emissions through certifiable units that can be traded in the market. Within
this system, emission allowances can be bought and sold among regulated entities. These certificates
represent a quantifiable amount of emissions; for example, one allowance may correspond to one metric
ton of carbon dioxide equivalent (CO:e) [5,34].

Historically, the first emissions trading scheme originated from the Acid Rain Program, which was
established under the Clean Air Act Amendments of 1990 to reduce sulfur dioxide (SO:) emissions,
especially within the electricity generation sector [35]. Subsequently, the European Union Emissions
Trading System (EU ETS), recognized as the world’s largest carbon market, was launched in 2005
[30,36].

Expanding beyond internal market mechanisms, the European Green Deal proposes the implementation
of carbon border adjustment mechanisms to extend carbon taxation to products imported into the
European Union (EU). It outlines targets across key sectors, including clean energy transition,
biodiversity, sustainable industrial and food systems, construction and renovation, and zero pollution.
Among the instruments developed to meet these objectives, the carbon border adjustment mechanism is
designed to impose a carbon price on imports from non-EU countries in order to prevent carbon leakage
and reduce global emissions [37]. This mechanism introduces a carbon levy on specific imported
product groups, such as cement, fertilizers, aluminum, electricity, and iron and steel products. Over time,
the list has expanded to include raw materials like agglomerated iron ore, ferrochrome, ferromanganese,
and kaolin. In addition, manufactured goods such as hydrogen, screws, and bolts, which fall under the
iron and steel category, have also been added to the scope. The implementation of this mechanism is
expected to negatively impact the export competitiveness of carbon-intensive products and sectors,
particularly in countries that trade extensively with the EU. However, during the transitional phase of
the mechanism, which will run from 2023 to 2026, no financial payments are expected [38].

4. Literature Review

According to IPCC’s Sixth Assessment Report published in 2023, as of 2019, 34% of global greenhouse
gas emissions originated from the energy sector, 24% from industry, 22% from agriculture, forestry,
and land use, 15% from transportation, and 6% from buildings [39]. These findings underscore the
critical importance of transitioning to low-carbon technologies, particularly within the energy sector,
which is the largest source of emissions. For instance, while coal-fired power plants are estimated to
emit between 675 and 1689 gCO.e/kWh over their life cycle [40], renewable sources such as offshore
wind energy can reduce this figure to as low as 5.3-13 gCO.e/kWh [41]. Furthermore, life cycle
assessments of solar and wind systems demonstrate that improvements in the design and deployment
phases of these technologies can play a decisive role in reducing emissions [42]. Comparative analyses
covering all stages of energy production reveal that fossil fuels have the highest life cycle emissions,
whereas nuclear, hydroelectric, and wind power exhibit the lowest emission levels [43].

As digitalization accelerates, the share of the ICT sector in global greenhouse gas emissions is increasing
significantly, and its long-term impact is expected to become even more substantial. Indeed, some
projections indicate that the ICT sector’s contribution to global greenhouse gas emissions could reach
as high as 23% by 2030 [44]. Freitag et al. [45] report that the ICT sector currently accounts for between
1.8% and 2.8% of global emissions. However, when the full upstream supply chain and life-cycle
emissions are considered, this estimate may increase to between 2.1% and 3.9%. At this stage, selecting
regions and time periods with lower carbon intensity becomes essential for minimizing emissions.
Dodge et al. [46] propose a framework for evaluating the carbon intensity of software on cloud platforms
and emphasize that the environmental impact of computing operations varies depending on when and
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where they are executed. Accordingly, users are encouraged to utilize cloud resources during times and
in locations with lower carbon intensity to minimize their environmental impact.

The environmental footprint of artificial intelligence (Al) systems has emerged as an increasingly
critical issue. Kirkpatrick [47] highlights that both the training and deployment of large-scale Al models
entail substantial energy consumption, consequently resulting in significant CO2 emissions. This impact
is further exacerbated when data centers are powered by fossil fuel-based energy sources. Similarly, Yu
et al. [48] estimate that the cumulative annual carbon footprint of 79 Al systems released between 2020
and 2024 may reach 102.6 MtCO:ze, highlighting the necessity of regulatory interventions in the sector.
The environmental implications of Al-assisted software development have also become a key area of
investigation. Cheung et al. [49] show that software development using large language models (LLMs)
produces, on average, 32.72% more carbon emissions than conventional manual development
approaches.

Blockchain technologies and bioinformatics have become increasingly scrutinized due to their high
energy demands. Bitcoin’s annual electricity consumption is reported to be approximately 45.8 TWh,
with corresponding carbon emissions ranging from 22.0 to 22.9 MtCOze [50]. These levels are
comparable to the annual greenhouse gas emissions of certain nations. In bioinformatics,
computationally intensive tasks such as genetic analyses and biological simulations have been shown to
consume substantial amounts of energy, which in turn generates a considerable carbon footprint. To
address this issue, Grealey et al. [S1] suggest various mitigation strategies, including software
optimization, careful hardware selection, and enhancements in data center efficiency.

While ICT is an emissions-intensive sector, it also holds substantial potential to serve as a tool for
emissions mitigation. This duality is evident across sectors and applications, typically supported by
empirical research and field implementations. In particular, Al and machine learning (ML) have been
applied in industries such as manufacturing, agriculture, and logistics to reduce carbon emissions.

In a large-scale empirical study, Lu and Liau [52] found that a 1% increase in Al adoption across
industrial enterprises resulted in a 0.0395% reduction in sectoral carbon emission intensity. Likewise,
Rajendiran et al. [53] showed that ML-based forecasting and logistics optimization algorithms, such as
Random Forest and Gradient Boosted Machines, can effectively reduce transport-related emissions in
the e-commerce sector.

Ji et al. [54] highlighted the potential of digital agriculture for both direct and indirect emission
mitigation. By integrating IoT, big data, blockchain, and modular greenhouse systems, the study
demonstrated how agricultural productivity can be enhanced while enabling the quantification and
trading of carbon sinks. Their proposed architecture combines renewable energy systems with green
production and finance modules. Nonetheless, infrastructural disparities and limited digital access in
rural areas remain key barriers to implementation.

In a field-based case study, Andrae et al. [55] proposed a practical energy-saving model for the ICT
supply chain. Accelerated life cycle assessments were conducted on four ICT products (one modem and
three access modules), identifying high-impact components. On-site energy audits were then carried out
in accordance with the International Performance Measurement and Verification Protocol (IPMVP),
followed by the implementation of energy conservation measures. These efforts led to annual savings
0f 27,000 MWh of energy and 25,700 tons of CO:¢e, amounting to a 1% reduction in the operator’s Scope
3 emissions.

In addition to these applications, it has been demonstrated that artificial intelligence can, in certain
domains, have a lower carbon footprint than human labor. Tomlinson et al. [56] report that Al systems
emit 130 to 2,900 times less CO2 than humans when performing tasks such as writing and image
generation. However, these findings do not account for broader dimensions such as social implications
and transformations in the labor market.

Personal carbon footprint analysis is regarded as an effective tool for shaping individual decision-
making and enhancing environmental awareness. Nevertheless, estimates based on static methodologies
have shown limited effectiveness in influencing behavioral change [26]. In this context, Rahman et al.
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[15] proposed a specialized framework called the Open Carbon Footprint Framework, which could
serve as a foundation for the development of carbon footprint calculation applications. This framework
provides developers with access to a cloud-based information infrastructure that supports the integration
of real-time sensor data, offering a dynamic and responsive resource for emissions estimation. Based on
this framework, an application named the Ubiquitous Carbon Footprint Calculator was developed,
enabling users to calculate their carbon footprints. This application allows users to monitor their
emissions regardless of location and supports conscious decision-making related to environmental
impact. Furthermore, the design and features of a mobile Global Positioning System (GPS) application,
developed specifically for the iPhone platform, are detailed. This GPS-based application is capable of
suggesting the most environmentally friendly route to the user, thereby enhancing fuel efficiency and
reducing emissions. The functionality and applicability of the study are demonstrated through two
example scenarios. In the first scenario, a graduate student working in a laboratory equipped with smart
sensors is shown to reduce their carbon footprint by optimizing indoor heating. Temperature and
humidity data obtained from the student’s smartphone are combined with environmental data from
external sensors to calculate real-time emissions. The application provides instant feedback and
recommends actionable strategies, such as adjusting the ambient temperature, to lower energy-related
carbon output. The second scenario focuses on the behavior of a sales representative who is frequently
on the move. The system tracks the representative’s travel routes via GPS, generates speed profiles to
evaluate driving efficiency, and proposes alternative, lower-emission routes. In addition, the application
encourages emission reduction by enabling users to carpool with others who share similar travel paths,
further contributing to sustainable mobility.

Andersson [16] developed a mobile application in Sweden that estimates users’ greenhouse gas
emissions through a hybrid approach combining user-provided data, official government records, and
financial transaction data. The system utilized these three data sources to generate individualized carbon
footprint estimates. In particular, users could link their private bank accounts and credit cards to the app,
allowing financial transactions to be analyzed and matched with Sweden-specific multi-regional
environmental input-output data. By categorizing spending across different consumption domains, the
system enabled the estimation of emissions associated with various activities. All data transmissions
were encrypted and stored on secure servers in compliance with Swedish and European Union
regulations. Users’ expenditures were classified based on financial transaction data, allowing for
detailed insights into their carbon profiles. Depending on the policies of individual banks, the system
could access transaction histories ranging from three months to five years. This historical data allowed
users to monitor the evolution of their carbon footprints over time. Emission estimates were calculated
using GWP100 (Global Warming Potential over 100 years) conversion factors integrated into the
application.

One of the key components of a carbon footprint is emissions generated by transportation activities.
Therefore, accurately tracking and monitoring transportation-related emissions through carbon footprint
calculators is essential for reducing global greenhouse gas outputs. In this context, Ajufo and Bekaroo
[57] developed a personal, transportation-based carbon footprint calculator called TCTracker, which
eliminates the need for manual data entry. The mobile application leverages GPS functionality and built-
in artificial intelligence to monitor user behavior and estimate emissions. In a related effort, Wang et al.
[58], addressed carbon reduction in the petroleum distribution network by formulating and solving a
low-carbon inventory routing problem. Their model aims to minimize total costs while accounting for
carbon emissions. To solve the model, they proposed a hybrid approach that combines an adaptive
genetic algorithm with a greedy algorithm, and they validated its performance using a practical case
study. The study was structured in two parts: the first part examined model effectiveness under varying
carbon tax scenarios, and the second part applied the model to optimize routing for petroleum tankers
with different loading capacities. Similarly, Jabali et al. [59], investigated the trade-offs among carbon
emissions, travel time, and fuel consumption in time-dependent vehicle routing problems using a tabu
search algorithm. Their study also discussed the implications of setting carbon emission thresholds in
transportation planning. In the aviation sector, Tsai et al. [60], introduced a mixed activity-based costing
decision model for green fleet planning. They evaluated how carbon emissions affect the operating costs
of airline logistics under the regulatory constraints of the European Union Emissions Trading Scheme.

In addition to academic research, many companies also engage in efforts to reduce their carbon
footprints by providing consumers with sustainability ratings or certifications for the services and
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products they offer. Such initiatives not only promote consumer awareness but also help influence user
preferences by offering environmental information about the purchased product or service. For example,
Booking.com [61] has classified the sustainability ratings of many hotels listed in its database into four
levels, based on 29 criteria related to waste management, water consumption, energy and greenhouse
gas emissions, location and community impact, and nature conservation. This categorization enables
consumers to make informed decisions regarding the environmental performance of their
accommodation choices. In the aviation sector, Travalyst [62], in collaboration with Google, has
developed the “Travel Impact Model” (TIM), a framework that calculates the life cycle emissions of
flights. Similarly, platforms such as Skyscanner [63] and Google Flights [64] provide users with
estimated carbon emission data for selected flights. These calculations are based on several criteria,
including travel distance, cabin class, baggage allowance, and aircraft type. These examples illustrate
how environmental transparency in consumer services contributes to the foundation of individual carbon
emission tracking and management. While the number of such implementations continues to grow, their
common objective is to empower individuals to make environmentally responsible decisions in daily
life.

5. Results and Discussion

This section provides a multidimensional analysis of the methodological diversity in carbon footprint
assessment approaches and the current trends shaping this field. In addition to the dominant traditional,
static calculation methods in the literature, newer models supported by real-time data and emerging
technologies are comparatively examined. The potential of user-centered applications designed to
influence daily lifestyle choices, the contribution of corporate transparency in product and service-level
emission data to decision-making processes, and the dual role of ICT in both increasing and reducing
carbon emissions are also discussed. Throughout the section, ICT-based solutions developed across
different sectors are evaluated to explore their contribution to environmental sustainability from a broad
and integrated perspective.

The concept of carbon footprinting remains fundamental to assessing the environmental impact of
individuals, organizations, and products. Conventional carbon footprint calculation methods typically
aim to quantify this impact by measuring greenhouse gas emissions arising from energy consumption,
transportation, production, and related activities. In addition to these traditional approaches, recent
studies have introduced dynamic models and analytical techniques that consider temporal variability in
environmental impacts and emissions to obtain more precise results [16,57]. These contemporary
approaches emphasize the use of real-time data enabled by emerging technologies, including sensor
systems and smart devices. As a result, research in carbon footprinting is advancing significantly,
offering deeper insights into environmental effects, supporting the achievement of sustainability goals,
and contributing to the development of more effective strategies to mitigate global climate change. This
dual function of ICT highlights the necessity for balanced strategies that can simultaneously leverage
its monitoring and optimization capabilities while minimizing its environmental costs.

Traditional studies on carbon footprint assessment lack the ability to dynamically update data in
response to user actions due to their static structures. Although there are sector-based or scenario-
specific dynamic applications such as route optimization for vehicles [55,58] and electricity
consumption optimization[52,54] that consider the carbon footprint, comprehensive systems capable of
guiding daily life remain insufficient. In this context, the development of a smart carbon optimization
application that incorporates carbon footprint considerations and facilitates daily living, potentially even
offering actionable recommendations, would be highly beneficial. By processing data collected through
personal smartphones, smartwatches, or various sensors, a dynamic system can be developed that not
only offers users novel and unconventional experiences but also contributes to reducing their carbon
footprint. A multi-criteria application that provides guidance on topics such as public versus private
transportation, fuel types like gasoline or diesel, route planning, accommodation and facilities, food
choices, lighting, and heating, based on cost, carbon footprint, and time, could significantly enhance
both awareness and the adoption of more environmentally friendly lifestyles at the individual level.
Furthermore, environmentally conscious behaviors such as support for recycling should also be taken
into consideration in reducing carbon footprints. For example, recyclable waste deposited in smart
recycling machines should be recognized as a positive contributor to an individual’s overall carbon
reduction.
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In addition to behavior-responsive applications, infrastructure-level strategies play a critical role in
reducing the environmental impact of digital systems. One promising solution is the broader adoption
of'edge computing architectures in place of centralized cloud systems. By enabling local data processing,
edge computing minimizes the energy demands of large-scale data centers while also improving latency.
This approach is particularly relevant in applications involving loT, artificial intelligence, and mobile
services, where both responsiveness and efficiency are key concerns. Reducing ICT-related emissions
also requires a shift toward low-carbon energy sources. Data centers and digital platforms should
prioritize the use of electricity generated from renewable energy. Moreover, geographical and temporal
optimization—executing high-energy tasks in regions and at times with lower grid carbon intensity—
can play a significant role in emission reduction. Encouraging cloud service providers to implement
carbon-aware scheduling and infrastructure planning can help align digital growth with climate goals.

The implementation of environmentally friendly policies by businesses can pave the way for more
comprehensive efforts and contribute to the development of emission reduction mechanisms. By
transparently presenting sustainability assessments of their products and services or disclosing emission
data obtained through product life cycle analyses, businesses can play an active role in decision-making
processes. The data provided by companies may serve as a valuable resource for the learning
mechanisms of intelligent systems. Furthermore, such data can help lay the groundwork for autonomous
software that functions as an assistant by evaluating not only time and cost but also emission-related
expenses. Moreover, integrating energy-efficient coding practices and carbon-aware software design
into corporate digital services could enhance environmental performance across the software lifecycle.
Carbon labeling of software products may also help users and institutions make more informed choices.

Another noteworthy point is that ICT has both increasing and decreasing effects on the carbon footprint
across various sectors. For instance, the use of artificial intelligence systems can be considered a
significant source of emissions [48,49]. However, these systems can also contribute to emission
reduction by enhancing efficiency [58,59]. Similarly, while energy efficiency improvements in the
manufacturing industry can help control carbon emissions [52], the high energy consumption of data
centers may increase the environmental burden [47]. In the retail and e-commerce sectors, Al-supported
supply chain planning and demand forecasting algorithms help prevent overstocking, thereby reducing
emissions related to production and transportation [53]. In the transportation and logistics sector, GPS-
based route optimization and fleet management systems reduce fuel consumption and thus contribute to
lower emissions [59,60]. Nevertheless, the carbon footprint of ICT-based solutions themselves,
particularly stemming from the hardware and infrastructure used in data processing, storage, and
transmission, should not be overlooked [49,50]. This dual impact reveals that ICT can serve both as a
means of promoting sustainability and as a potential source of environmental concern. Beyond
infrastructure and corporate design, digital tools at the individual level should evolve from merely
providing information to actively guiding low-carbon behavior. For instance, mobility apps can suggest
routes based on minimal emissions rather than just cost or speed, while e-commerce platforms could
display the carbon impact of products to support sustainable consumption.

6. Conclusion

This study examined the evolution of carbon footprint assessment approaches, focusing particularly on
the integration of ICT into sustainability efforts. The findings emphasize a shift from conventional, static
models to dynamic, user-responsive, and data-driven systems supported by real-time analytics. ICT-
based tools have demonstrated significant potential in enhancing carbon monitoring, guiding behavioral
changes, and optimizing resource usage across sectors.

Nevertheless, ICT itself is a contributor to global emissions due to the high energy demands of data
centers, cloud infrastructures, and Al-based applications. This dual role of ICT as both an enabler and a
driver of emissions calls for balanced strategies that simultancously leverage its capabilities and
minimize its environmental footprint. Key recommendations include the adoption of edge computing
architectures, carbon-aware infrastructure planning, renewable energy integration, and energy-efficient
software development practices. Furthermore, encouraging corporate transparency, carbon labeling of
digital services, and behavior-oriented user interfaces are critical in aligning technological innovation
with sustainability goals.
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Future research should evaluate the real-world feasibility, scalability, and cross-sector applicability of
these approaches. It is essential to examine how ICT-driven systems can be effectively embedded into
institutional, infrastructural, and behavioral frameworks. Policy incentives, regulatory support, and
interdisciplinary collaboration will play a vital role in ensuring that these tools are not only
technologically sound but also socially acceptable and ethically robust. Exploring how individuals
respond to carbon-aware digital systems and how these influence long-term behavioral change also
presents a valuable direction for further investigation.

In conclusion, the sustainable digital transformation of carbon footprint assessment requires more than
technological advancement. It demands systemic thinking, collective responsibility, and alignment
between digital innovation and environmental ethics. ICT should be seen not only as a source of impact
but as an integral part of the solution in the transition toward a low-carbon future.
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0z

Bu caligsmada, bilgisayar miihendisligi 6grencilerinin teknik becerilerine ve akademik performanslarina gore hangi
mesleki alanda caligabileceklerinin makine 6grenme algoritmalart ile tahmin edilmesi ve bu tahminlerin
aciklanabilir yapay zeka (AYZ) teknikleriyle degerlendirilmesi amaglanmistir. 174 6grenciden olusan 6zgiin veri
kiimesinde, genel not ortalamasi, programlama dili yeterlilikleri, proje bilgileri ve staj alanlar1 yer almaktadir.
AdaBoost, Decision Tree, Gradient Boosting, KNN, Logistic Regression, Naive Bayes, Random Forest, SVC
algoritmalar1 LazyClassifier ile kiyaslanmis ve en basarili Gradient Boosting ve Decision Tree modelleri
hiperparametre optimizasyonu ile egitilmistir. En yliksek dogruluk Gradient Boosting algoritmasi ile %97 olarak
elde edilmistir. Modelin kararlar1 SHAP ve LIME algoritmalariyla yorumlanarak modelin agiklanabilirligi
saglanmistir. Sonuclar, 6nerilen yontemin kariyer yonlendirme ve egitim planlamasinda kullanilabilir oldugunu
gostermektedir.

Anahtar kelimeler: Smiflandirma, LIME, SHAP, Makine Ogrenmesi, Gradyan Artirma

PREDICTION WITH MACHINE LEARNING ALGORITHMS FOR COMPUTER
ENGINEERING DEPARTMENT AND EVALUATION WITH EXPLAINABLE
ARTIFICIAL INTELLIGENCE

ABSTRACT

In this study, it is aimed to predict which professional field computer engineering students can work in according
to their technical skills and academic performance using machine learning algorithms and to evaluate these
predictions using explainable artificial intelligence (Al) techniques. The original dataset consisting of 174 students
includes variables such as general grade point average, programming language proficiency, project information
and internship areas. Eight different classification algorithms were compared with LazyClassifier and the most
successful models were trained with hyperparameter optimization. The highest accuracy was obtained as 97% with
the Gradient Boosting algorithm. The model's decisions were interpreted with SHAP and LIME algorithms and
the explainability of the model was ensured. The results show that the proposed method can be used in career
guidance and educational planning.

Keywords: Classification, LIME, SHAP, Machine learning, Gradient Boosting.
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1. Giris (Introduction)

Bilgisayar miithendisligi 6grencilerinin kariyer planlamasi, yapay zeka ve veri bilimi alanlarinda 6nemli
bir aragtirma konusu olarak karsimiza ¢ikmaktadir. Hem ulusal hem de uluslararasi literatiirde, kariyer
tahmini ve yonlendirme amaciyla ¢esitli yapay zeka ve makine 6grenmesi algoritmalarinin kullanildigi
calismalar mevcuttur. Ancak bu ¢alismalarin birgogu genellestirilmis 6grenci gruplarina odaklanmakta
olup bilgisayar mithendisligi 6grencilerine 6zel olarak uygulanmamis ya da AYZ algoritmalan ile
yorumlanmasini kapsamamaistir. Bu boliimde yer alan kaynak 6zetleri 6nerilen ¢alismanin literatiirdeki
O6nemini ve doldurulmasi gereken bosluklari analiz etmektedir.

Prasanna ve Haritha (2019), bilgisayar bilimi ve bilgi teknolojileri alaninda &grencilerin kariyer
secimlerine yardimci olmak i¢in makine 6grenmesi tabanli bir akilli kariyer rehberligi ve oneri sistemi
gelistirmislerdir. Ogrencilerin notlaria ve ilgi alanlarina dayali olarak uygun alan se¢imi i¢in dngoriiler
sunmay1 amaglamislardir. Calismada, 6grencilerin ilgi alanlar1 ve yetenekleri hakkinda bilgi toplamak
icin anket ve beceri testleri kullanilarak kapsamli bir veri seti olusturulmustur. 1000 6grenciden toplanan
veriler lizerinde karar agaglari, destek vektor makineleri, rastgele orman, Naive Bayes, lojistik regresyon
ve dogrusal diskriminant analizi gibi ¢esitli makine d6grenmesi algoritmalarini uygulanmistir. Analiz
sonuglarina gore, Lojistik Regresyon ve Dogrusal Diskriminant Analizi yontemleri sirasiyla %94 ve
%82 dogruluk oranlariyla en iyi performansi gostermistir. Calisma, gelistirilen sistemin kurum-6grenci
iligkilerini giiglendirmede ve kurumun itibarin1 artirmada yardimei olacagini ve gelecekte daha fazla
veri ile derin sinir aglar1 ve zaman serisi analizi gibi ileri tekniklerin kullanilabilecegini 6nermektedir

[5].

Akgiin (2019), Hacettepe Universitesi Endiistri Miihendisligi Béliimii mezunlarinin verilerini
kullanarak, yeni mezun olacak 6grencilere is bulma konusunda sektor onerisi yapabilecek bir model
gelistirmigtir. Aragtirmaci, 1969-2018 yillar1 arasindaki 235 mezunun verilerini kullanarak gesitli
makine 6grenmesi algoritmalar1 (Lojistik Regresyon, En Yakin Komsuluk, SVM, Gaussian Naive
Bayes, Karar Agaci ve Rassal Orman) ile bir tavsiye sistemi olusturmustur. Farkl tekrar sayilar1 (100,
200, 500 ve 1000) ile testler yapilmig ve sonuglarda Rassal Orman algoritmasinin %67.46 dogruluk
oraniyla en iyi performansi gosterdigi, Precision degerinde SVM algoritmasinin (%0.770), Recall ve F1
Score degerlerinde ise En Yakin Komsuluk algoritmasmin (sirasiyla %0.660 ve %0.646) en yiiksek
sonuglar1 verdigi tespit edilmistir. Ayrica, mezun bilgilerinin artmasiyla tavsiye sisteminin dogruluk
oraninin yiikselebilecegini belirtmis ve gelecek caligmalar igin lisansiistii egitim bilgileri, ise giris sekli,
yandal/cift anadal bilgileri gibi ek oOzelliklerin de modele dahil edilmesini, farkli program ve
iiniversitelerde de benzer sistemlerin uygulanmasini 6nermistir [1].

Al-Dossari vd. (2020), Suudi Arabistan'daki BT mezunlarinin kariyer yolu se¢imlerine yardimci olmak
amactyla bir makine 6grenimi tabanli 6neri sistemi olan CareerRec'i gelistirmiglerdir. Calisma, BT
sektoriindeki 2255 calisanin verileriyle egitilen bes farkli makine Ogrenimi algoritmasim
karsilastirmigtir. Arastirmada kullanilan algoritmalar arasinda XGBoost, %70,47 dogruluk orani ile en
iyi performansi gdstermistir. CareerRec sistemi, BT mezunlarinin becerilerine en uygun kariyer yollarin
secmelerine yardimci olmayr amacglamaktadir. Sonuglar, XGBoost'un diger makine 6grenimi
modellerine gore daha etkili oldugunu ortaya koymus, ancak sistemin performansimin daha fazla veri ve
derin Ogrenme modelleriyle iyilestirilebilecegi belirtilmistir. Gelecekteki c¢alismalarda, BT
calisanlarinin becerilerini daha dogru bir sekilde 6lgmek i¢in alternatif yaklagimlar kullanilmasi
oOnerilmistir [2].

Saeed vd. (2021), miihendislik 6grencilerine kariyer onerileri saglamak i¢in evrisimsel sinir agi (ESA)
tabanli bir kariyer 6neri sistemi gelistirmislerdir. Calismada, gesitli {iniversitelerden toplanan bir kariyer
veri seti kullanilarak, miithendislik 6grencilerinin nitelikleri, ilgi alanlar1 ve becerilerine gore en uygun
islerin tahmin edilmesi amaglanmistir. Kariyer 6nerileri, derin dogal dil isleme tabanli ESA modeli ile
gergeklestirilmis ve performansi artirmak i¢in 512 gizli katman kullanilmistir. Calisma, 6neri sisteminin
icerik tabanl filtreleme teknikleri ile karsilastirildiginda %84 dogrulukla daha iyi sonuglar verdigini
gdstermistir. Bu Oneri sistemi, mithendislik disiplinleri arasinda is arama siirecinde maliyet ve zamandan
tasarruf saglarken, 6grencilere en uygun is firsatlarini sunmustur. Calismada gelecekteki arastirmalar
icin daha genis veri kiimeleri ve diger egitim alanlarina genisletilmesi gerektigini vurgulanmakta, bu
modelin genellestirilebilirligi i¢in farkl veri kiimeleri iizerinde testler 6nerilmektedir [7].
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Celik (2022), makine O6grenmesi yOntemlerinin egitim alaninda kullanimina odaklanmistir. Lise
Ogrencilerinin dort yil boyunca derslerde aldiklar notlar ve diger bilgiler ile segtikleri iiniversite
boliimleri arasindaki iligskiyi incelemistir. Mezun olmus 447 6grencinin verileri ve bu 6grencilerin tercih
ettigi 43 farkli boliim belirlenmistir. Veri setindeki gdzlem birimlerinin bagimli degiskendeki sinif
sayisina oraninin diigiilk olmasi nedeniyle, benzer boliimler birlestirilerek 43, 23, 9 ve 6 sinif iceren dort
farkli etiketleme yaklagsimi olusturulmustur. Her bir etiketleme yaklasimi i¢in 10 farkli makine
Ogrenmesi algoritmasi test edilmis ve sonuglara gére XGBoost algoritmasi ilk yaklasimda %43, ikinci
yaklagimda %53, dordiincli yaklasimda %75 basar1 oraniyla en iyi performansi gosterirken, ligiincii
etiketleme yaklagiminda KNN algoritmasi %65 basar1 oraniyla 6ne ¢ikmistir. Aragtirmaci, veri setindeki
gdzlem birimi sayisinin onemli Slglide artirilmasi durumunda, boliimlerin gruplandiriimasina gerek
kalmadan daha basarili tahminler yapilabilecegini vurgulamistir [3].

Guleria ve Sood (2023), makine 6grenmesi ve AYZ tekniklerini kullanarak kariyer danismanligi igin
bir ger¢eve gelistirmeye odaklanmistir. Arastirmada, Beyaz Kutu ve Siyah Kutu modelleri, 6grencilerin
akademik basarilar1 ve istihdam edilebilirlik niteliklerini analiz etmek igin kullanilmistir. Yazarlar,
Naive Bayes, Lojistik Regresyon, Karar Agaci, SVM, KNN ve Topluluk modelleri gibi gesitli makine
ogrenme algoritmalarini egiterek, Naive Bayes modelinin Geri Cagirma (%91,2) ve F-Ol¢iimii (%90,7)
acisindan en iyi sonuglari verdigini tespit etmislerdir. Caligma, kariyer danismanliginda kullanilabilecek
etkili bir model 6nerirken, kullanilan veri kiimesinin siirli nitelik kapsami ve 6rneklem biiyiikliigii gibi
sinirlamalar1 vurgulamistir. Sonug olarak, Guleria ve Sood, sosyo-ekonomik faktorler ve genigletilmis
veri kiimeleri ile daha kapsamli ¢alismalar yapmay1 6nermis, bu kapsamda derin 6grenme ve gozetimsiz
ogrenme teknikleriyle kariyer danismanligi modellerini gelistirmeyi planlamislardir [4].

Nizar vd. (2024), bilgisayar bilimleri 6grencileri arasinda yazilim beceri setlerini kullanarak tahmin
edilmesi ve degerlendirilmesi icin evrigimsel sinir aglar1 ve aciklanabilir yapay zeka yontemlerini
kullanmistir. Hindistan’daki ¢esitli kurumlardan bilgisayar bilimi &grencilerden yasam ve teknik
becerilerine iliskin 2004 6grencinin anket verisi toplanmustir. Onerilen modelin performansi, accuracy,
precision, recall, F1 score ve AUC degeri gibi dlgiitleri kullanilarak degerlendirilmistir. ANN,
LightGBM, AdaBost, XGBBoost ve onerilen CNN modelleri i¢in performans degerlendirme olgiitleri
kullanilmigtir. Modelin tahminlerinin yorumlanmasi igcinde SHAP, LIME ve LRP agiklanabilir yapay
zeka teknikleri kullanilmigtir. Simiilasyon sonuglari, onerilen CNN-XAI modelinin tahmin dogrulugu
acisindan diger temel modellerden daha iyi performans gosterdigini gostermektedir [6].

2. Materyal ve Metot (Material and Method)
2.1.Makine Ogrenmesi (Machine Learning)

Makine 6grenmesi giiniimiizde bir¢ok disiplinin kesisim noktasinda yer alan ve veri analizi ile
modelleme siire¢lerini otomatiklestiren bir alan olarak 6ne c¢ikmaktadir. Bu teknoloji 6zellikle
biiyiik veri setlerinin islenmesi ve analiz edilmesi gereken durumlarda 6nemli bir rol oynamaktadir.
Makine 6grenmesi istatistiksel yontemlerin ve algoritmalarin bir kombinasyonu olarak, verilerden
O0grenme ve bu 6grenmeyi yeni verilere uygulama yetenegi sunar. Bu nedenle, makine 6grenmesinin
¢esitli uygulama alanlart ve yontemleri, disiplinler arasi bir yaklasim gerektirmektedir [8].

Makine 6grenmesi algoritmalar birgok sektdrde oldugu gibi egitim sektoriinde de kullanimi giderek
artmaktadir. Bu ¢alismada bilgisayar miihendisligi 6grencilerinin kariyer tahmini igin rastgele
orman siniflandiricisi, destek vektdr makinesi, K en yakin komsu, karar agaclari, gradient boosting,
adaboost ve gaussian navie bayes algoritmalart olmak tizere sekiz farkli algoritma secilmistir. Bu
boliimde secilen sekiz algoritma kisaca incelenmistir.

2.2.Veri Kiimesinin Hazirlanmasi (Preparation of Dataset)

gelecekte hangi kariyer alaninda calisabileceklerinin makine 6grenmesi ile tahmin edilmesi ve
sonuglarin AYZ algoritmalar1 ile yorumlamasi i¢in bilgisayar miithendisligi ve yazilim miihendisligi
boliimiinden mezun olmus ve G6zel sektdrde calisan kisiler iizerinden yapilan goriisme, form
doldurma ve linkedin profilleri iizerinden kazima ile caligmaya Ozgiin bir veri kiimesi
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olusturulmustur. Veri kiimesi 6zellikleri; genel not ortalamasi (GNO), Staj alami (ilgili_alan),
gelistirdigi en 6nemli proje (proje), su anda ¢alistig1 alan (calistigi_alan), veri tabani bilgisi, Python,
Java, Csharp, C++ programlama dillerinden olusmaktadir. Veri kiimesi igerisinde bildigi
programlama dilleri ve veri tabani bilgisi ¢ok iyi, ortalama ve zayif olarak 6l¢eklendirilmistir (Sekil
1). Ayni sekilde genel not ortalamasi da 2 ile 2.5 arasinda olanlar ortalama, 2.5 ile 3 arasinda olanlar
iyi, 3 ile 3.5 arasinda olanlar ¢ok iyi ve 3.5 ile 4 arasinda olanlar miikemmel olarak
Olceklendirilmistir. Veri kiimesi toplamda 174 kayittan olugsmaktadir.

GNO ligili_Alan Proje Calistigi_Alan Veritabani Python Java Csharp
Ortalama Yapay Zeka Chatbot Gelistirme Yapay Zeka Arastirmacisi Gok fyi Gok Tyi Zay1f Zay1f

tyi veri Bilimi Veri Analitigi Veri Bilimci Cok 1yi ortalama Zay1f Zay1f
ortalama Yazilim Gelistirme E-ticaret Web Sitesi Yazilim Mihendisi Cok 1yi Zayaf ortalama Cok 1yi
ortalama Web Gelistirme Full-Stack Web Uygulamasi Web Gelistirici Cok 1yi Zayrf Cok tyi Zay1f
ortalama Siber Giivenlik Siber Givenlik Bilgi Gilvenligi Analisti Zay1f ortalama ok tyi Zay1f
1yi Yapay Zeka Goriintii Tanina Yapay Zeka Mihendisi Ortalama Cok tyi Zayaf Zayaf
Cok tyi Veritabany Yénetini SQL Sorgu Optimizasyonu Veritaban1 Yéneticisi Gok 1yi Ortalama Zay1f Zayaf
tyi Bulut Bilisim AWS Dagitim Bulut Coziimleri Mimari Cok tyi Zayaf Ortalama Zay1f
Ortalama Mobil Uygulama Gelistirme Android Uygulamasi Mobil Uygulama Gelistirici Zay1f Ortalama Cok tyi Zayaf
Ortalama 3D Modelleme 3p Isleme Grafik Programcisy Zayaf Zayaf Cok 1yi Zayaf

iyi Yapay Zeka Dogal Dil isleme Dogal Dil isleme Arastirmacisi Ortalama Cok iyi Zayaf Zayaf

Ortalama Web Gelistirme Full-Stack Web Uygulamasy Web Gelistirici Gok 1yi Zay1f Ortalama Zay1f

Sekil 1. Veri kiimesinin ham hali (Raw dataset)

Veri kiimesi igerinde veri tabani bilgisi, Python, Java, Csharp, C++ ana programlama dilleri bilgisine
gore sektorde karsiliklarimi gorebilmek adina Sekil 2, Sekil 3 ve Sekil 4’te galigtigr alana, ilgilendigi
alan ve genel not ortalamasina gore gruplandirilarak sayilari verilmistir. Elde edilen gruplandirma
gosteriyor ki bilgisayar miihendisliginde giincel ve popiiler her alandan veri yeterli sayida yer
almaktadir.

Calistigi_Alan'a Gore Veri Sayisi

Calistigi_Alan

Sekil 2. Veri kiimesinde yer alan verilerin calistig1 alana gore say1 dagilimi (Number distribution of
data in the dataset according to the field it operates in)
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llgili_Alan'a Gore Veri Sayisi

ligili_Alan

Sekil 3. Veri kiimesinde yer alan staj ve igyeri egitimi alanina gore say1 dagilimi (Distribution of the
number of internships and workplace training in the dataset according to field)

GNO'ya Gore Veri Sayisi

704

S $ B &
\’o& CP\{- 6\6\

GNO

Sekil 4. Veri kiimesinde yer alan verilerin genel not ortalamasina gore say1 dagilimi (Number
distribution of data in the dataset according to general grade point average)

2.3.0n isleme ve Kodlama (Preprocessing and Coding)

Veri kiimesinde yer alan verilerin makine 6grenmesi algoritmalar tarafindan kullanilmasi i¢in
kategorik verilerin sayisallagtirilmas: gerekmektedir. Veri kiimesinde yer alan “ilgili alan”,
“proje” ve “caligtigi alan” gibi nominal kategorik degiskenler makine 6grenmesi algoritmalar
tarafindan dogrudan islenemez. Bu nedenle bu tiir degiskenler, sinif sayisinin az olmasi
durumunda etiketleme daha fazla kategoriye sahip durumlarda ise tekil siitunlara ayrilarak one-
hot encoding yontemi ile sayisal forma doniistiiriilmiistir. On islemelerde pandas
kiitiiphanesinde yer alan ve kategorik degiskenleri sayisal verilere doniistiirmek i¢in kullanilan
bir 6n isleme yontemi olan get dummies fonksiyonu kullanilmustir.

Programlama dillerine (Python, Java, C#, C++) ve veri tabani bilgisine ait bilgi diizeyleri
“Zay1f”, “Ortalama” ve “Cok Iyi” seklinde siral1 kategorilerden olusmaktadir. Bu nedenle sirali
degiskenler olarak kabul edilerek ve sayisal karsiliklar1 sirastyla 0, 1 ve 2 olacak sekilde
donistiirilmiistiir. Benzer bicimde 6grencilerin genel not ortalamalar1 da 6nceden belirlenmis
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araliklar kullanilarak “Ortalama” (2.0-2.5), “Iyi” (2.5-3.0), “Cok Iyi” (3.0-3.5) ve
“Miikemmel” (3.5-4.0) seklinde kategorize edilmistir. Bu kategoriler de ordinal 6lgeklendirme
yontemiyle 0, 1, 2 ve 3 seklinde sayisallagtirilmistir. Bilgisayar miithendisligi alanlar veri kiimesi
igerisinde karismasin diye ilgili alan 6zelligine “InDo” eki, ¢alistig1 alan 6zelligine ise “PR” eki
eklenmistir.

2.4.Tahmin modelinin gelistirilmesi (Development of the prediction model)

Bu ¢alismada miihendislik 6grencilerinin sahip olduklar1 akademik ve teknik yetkinliklere bagl
olarak hangi alanda calisabileceklerinin ngoriilmesi amaciyla bir makine d6grenmesi temelli
tahmin modeli gelistirilmistir. Modelleme siirecinde ilk olarak 6n isleme adimlarindan
gecirilmis olan veri kiimesi egitim (%80) ve test (%20) olmak tizere iki alt kiimeye ayrilmustir.
Egitim kiimesi, algoritmalarin 6grenme siireclerinde kullanilmistir. Test kiimesi ise gelistirilen
modelin genelleme performansini degerlendirmek amaciyla ayrilmigtir.

Bu bolimde smiflandirma problemine en uygun makine oOgrenmesi algoritmasinin
belirlenebilmesi amaciyla Lazy Predict kiitiiphanesi icerisinde yer alan LazyClassifier yapisi
kullanilmistir. LazyClassifier, farkli siniflandirma algoritmalarini ayni veri kiimesi iizerinde
otomatik olarak egitip test ederek karsilastirmali performans analizini gergeklestiren bir aragtir.
Bu yap1 model gelistirme siirecinde deneme yanilma yontemlerini en aza indirerek, Tablo 1° de
verilen bircok popiiler algoritmanin varsayilan hiperparametrelerle elde ettigi dogruluk, F1
skoru, iglem stiresi gibi metrikleri tek bir tablo {izerinde sunmaktadir. Boylece belirli bir veri
kiimesine en iyi uyum saglayan algoritmalar hizl1 ve objektif bicimde tespit edilebilmektedir.
Bu sebeplerden dolay1 ilgili veri kiimesine 0zgili siniflandirma basarisini en iist diizeye
¢ikarabilecek modelin se¢imi LazyClassifier c¢iktilart dikkate alinarak yapilmistir.
LazyClassifier sonuglarindan en yiiksek dogrulugu veren modeller AdaBoost, Decision Tree,
Gradient Boosting, KNN, Logistic Regression, Naive Bayes, Random Forest, SVC olarak
belirlenmigtir.

Tablo 1. LazyClassifier Kiitiiphanesindeki Modeller (Models in the LazyClassifier Library)

Modeller
BaggingClassifier LogisticRegression SvC
LinearDiscriminantAnalysis DecisionTreeClassifier LGBMClassifier
GaussianNB ExtraTreesClassifier SGDClassifier
AdaBoostClassifier BernoulliNB CalibratedClassifierCV
Perceptron RidgeClassifier LabelPropagation
KNNClassifier Random Forest DummyClassifier
Gradient Boosting Naive Bayes LinearSVC

Elde edilen sonuglara gore en yiikksek siniflandirma performansimi goésteren modellerin
hiperparametreleri  GridSearchCV yontemiyle optimize edilerek nihai tahmin modeli
olusturulmustur.

Tablo 2’de her bir model i¢gin GridSearchCV yontemiyle gerceklestirilen hiperparametre arama
siirecinde kullanilan parametre araliklar ile elde edilen en iyi sonuglar gosterilmistir. Bu siireg,
modelin dogruluk performansimi en st diizeye ¢ikaracak konfigiirasyonun belirlenmesini
saglamis ve nihai tahmin modelleri bu degerler lizerinden yapilandirilmistir.
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Tablo 2. GridSearchCV yontemi ile modellerin hiperparametrelerinin araliklar1 ve optimum degerleri
(Ranges and optimum values of hyperparameters of models with GridSearchCV method)

Model Adi Hiperparametre Araliklar Deger
n_estimators [100, 150] 150

Gradient Boosting learning_rate [0.05,0.1] 0.1
max_depth [3, 5] 5
n_estimators [50, 100] 100

AdaBoost learning_rate [0.5,1.0] 1.0
criterion ['gini', 'entropy'] entropy

Decision Tree max_depth [None, 5, 10] 10
min_samples_split [2, 5] 2
penalty [12 12

Logistic Regression C [0.1,1.0,10] 1.0
solver ['Ibfgs'] Ibfgs

Naive Bayes var_smoothing [1e-9, 1e-8, 1e-7] le-9
C [0.1,1,10] 1

SvC kernel ['linear', 'rbf"] rbf
gamma ['scale’, 'auto'] scale
n_neighbors [3,5,7] 5

KNN weights ['uniform', 'distance'] distance
metric ['euclidean', 'manhattan'] euclidean
n_estimators [100, 200] 200
max_depth None, 10, 20 20

Random Forest min__sarﬁples_split {2, 5] : 2
max_features ['auto', 'sqrt'] sqrt

3. Arastirma Bulgular (Research Findings)

3.1.Smiflandirma Modellerin Sonuc¢larinin Degerlendirilmesi (Evaluation of the Results of
Classification Models)

Makine 6grenmesi modellerinin degerlendirilmesinde dogruluk, kesinlik, duyarlilik ve F1 skoru tercih
edilmistir ve her metrik degerlendirmede farkli bakis agilariyla model performansini yansitmaktadir.
Ancak bu metrikler igerisinde 6zellikle F1 skoru modelin genel basarisini1 daha hassas ve dengeli bir
sekilde yansitan bir 6l¢iit olarak 6ne ¢gikmaktadir. F1 skoru, kesinlik ve duyarlilik degerlerinin harmonik
ortalamasidir. Bundan dolay1 hem yanlis pozitif hem de yanlis negatif tahminlerin etkisini dengeleyecek
bigimde hesaplanir. Ozellikle veri setinde simif dengesizligi mevcutsa yalmzca dogruluk oram yiiksek
olsa bile modelin belirli siniflarda basarisiz olmasi miimkiindiir. Bu gibi durumlarda yiiksek dogruluk
degeri yaniltici olabilecektir. Ornegin tiim siiflarin esit dagilmadig: bir veri kiimesinde model gogunluk
siifi tahmin ederek yiiksek dogruluk saglayabilir ancak azinlik sinifi neredeyse hi¢ taninmayabilir. Bu
nedenle F1 skoru, modelin hem pozitif sinifi dogru tanmima yetenegini (duyarlilik) hem de tahminlerinin
dogrulugunu (kesinlik) birlikte degerlendirmesi agisindan daha kapsamli ve hassas bir gosterge olarak
kabul edilir. Bu sebeplerden dolayr bu c¢alismada gelistirilen smiflandirma modellerinin
degerlendirilmesinde F1 skoru temel referans metrik olarak ele alinmis ve model karsilagtirmalar1 bu
metrik {izerinden agirlikli olarak gergeklestirilmistir.

dogruluklarin1 Tablo 3’te verilmistir. Elde edilen sonuglara gore tiim performans metrikleri dikkate
alindiginda en basarili modelin Gradient Boosting oldugu goriilmektedir. Gradient Boosting ana
modelimiz %97.5 dogruluk, kesinlik, duyarlilik ve F1 skoru degerleri ile diger tiim modellerden daha
iyi dogruluk gostermistir. F1 skoru degerleri {izerinden en basarili model ikinci ve liglincii ise %95.4 ve
%94.2 oranlariyla Decision Tree ve Naive Bayes algoritmalar1 olmustur. Logistic Regression %91.4
basarim oranlartyla bu iki modeli takip etmistir. Random Forest ve K-Nearest Neighbors (KNN)
modelleri sirasiyla %88.5 ve %80 dogruluk orani ile orta diizeyde basar1 saglamistir. Buna karsin
AdaBoost (9%48.6) ve Support Vector Classifier (SVC) (%45.7) modelleri tim metriklerde diisiik
performans gostermistir. Bu sonuglar dogrultusunda hiperparametre optimizasyonuna ragmen bazi
algoritmalarin veri kiimesinin yapisina uygunluk gdstermedigini ortaya koymaktadir.
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Tablo 3. Modellerin sonuglarinin kargilastirilmasi (Comparison of results of models)

Model Dogruluk Kesinlik Duyarhhk F1 Skor
Gradient Boosting 0.9714 0.9704 0.9714 0.9754
Decision Tree 0.9521 0.9528 0.9523 0.9541
Naive Bayes 0.9428 0.9428 0.9428 0.9428
Logistic Regression 0.9142 0.9142 0.9142 0.9142
Random Forest 0.8857 0.8857 0.8857 0.8857
KNN 0.8000 0.8001 0.8020 0.8030
AdaBoost 0.4857 0.4857 0.4858 0.4857
Svc 0.4571 0.4560 0.4571 0.4571

.
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Sekil 5. Modellerin sonuglarinin karsilastiritlmasi (Comparison of results of models)

Sekiz farkli model igerisinde en yiiksek dogrulugu elde ettigimiz Gradient Boosting modeli {izerinden
simiflandirma sonuglarinin  6zellikleri acgisindan degerlendirilmesi yapilmigtir. Bu ¢alismada
smiflandirma siirecinde en yiiksek bagarty1r gdsteren model olan Gradient Boosting algoritmasina ait
karigiklik matrisi Sekil 6’da gosterilmektedir. Karisiklik matrisi modelin her bir sinifa ait 6rnekleri
dogru ve yanlis siniflandirma durumlarini ayrintili olarak gostermektedir.
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Sekil 5.Siniflandirma modelinin karigiklik matrisi (Confusion matrix of the classification model)

Calismada kullanilan Destek Vektdr Makinesi (SVC) modeli, %45.7 dogruluk oraniile en diisiik
performans gosteren algoritma olmustur. Bu boliimde, SVC'nin neden bu veri kiimesinde basarisiz
oldugu detayli olarak incelenmistir.

SVC, ozellikle dogrusal ¢ekirdek (linear kernel) kullanildiginda, veri kiimesindeki karmasik ve dogrusal
olmayan iligkileri modellemekte zorlanmistir.

Kategorik verilerin one-hot encoding ile sayisallastirilmasi sonucunda olusan yiiksek boyutlu ve seyrek
ozellik uzay1, SVC'nin sinirlt genelleme yetenegini daha da olumsuz etkilemistir.

GridSearchCV  ile hiperparametre optimizasyonu yapilmasina ragmen (C=1, kernel="1bf,
gamma='scale'), modelin performansi diger algoritmalara kiyasla diisiik kalmistir. Bu durum, veri
dagilimmin SVC'nin varsayimlarina uygun olmadigini gostermektedir.

Veri kiimesindeki bazi meslek siniflarinin 6rnek sayisinin az olmasi (6rnegin, "Web Gelistirici" ve
"Bilgi Giivenligi Analisti" siniflarinin 3'er 6rnekle temsil edilmesi), SVC'nin sinif agirliklarini (class
weights) dogru 6grenememesine neden olmustur.

Dengesiz dagilim, modelin marjinal smiflar1 géz ardi ederek ¢ogunluk siniflara yonelik Onyargil
tahminler yapmasina yol agmistir.

SVC, kernel se¢imi ve regularization parametresi (C) gibi hiperparametrelere son derece duyarlidir.

3.2.Sonuglarin Agiklanabilir Yapay Zeka Algoritmalari ile Degerlendirilmesi (Evaluation of
Results with Explainable Artificial Intelligence Algorithms)

Bu c¢alismada ana model olan Gradient Boosting algoritmasinin smiflandirma kararlarinin
yorumlanabilirligini artirmak amaciyla AYZ yontemlerinden SHAP ve LIME algoritmalarindan
yararlanilmistir. Bu algoritmalar modelin kararlarin1 hangi 6zelliklerin ne dl¢ilide etkiledigini sayisal ve
gorsel olarak ortaya koyarak, modelin karar verme mekanizmasini daha seffaf hale getirmektedir. SHAP
algoritmasi daha yaygin olarak tiim veri kiimesi genelinde her bir 6zelligin model ¢iktisina katkisini
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hesaplayarak genel yorumlama saglamaktadir. LIME algoritmasi ise belirli bir alan i¢in en etkili olan
ozellikleri lokal diizeyde analiz ederek modelin o ornege 6zel kararmi agiklamaktadir. Bu sayede
modelin yiiksek dogruluk oranlarma ulasmasmin 6tesinde, tahmin ettigi siniflandirma sonuglarinin
altinda yatan nedenler de anlasilir kilinmustir.

3.2.1. Sonug¢larin Local Interpretable Model-agnostic Explanations Tarafindan
Yorumlanmasi (Interpretation of Results by LIME)

Gradient Boosting modeli tarafindan yapilan siniflandirmalarin agiklanabilirligini saglamak
amaciyla uygulanan LIME analizi her bir alana ait drnekler 6zelinde yorumlayici bilgiler Tablo
4’te verilmistir. LIME algoritmasi ile veri kiimesinde yer alan veri tabani ve programlama
dillerini baz alarak bunlarin siniflandirmaya etkisi incelenmistir. Her bir gorseldeki yesil
cubuklar modelin tahminini destekleyen, kirmizi ¢ubuklar ise tahmine karsit yonde etkide
bulunan 6zellikleri temsil etmektedir.

Tablo 4’teki LIME analizleri incelendiginde, Veri Bilimci sinifinda 6zellikle orta diizeyde
Python bilgisi ve iyi seviyede Java bilgisi pozitif etkiye sahipken, Mobil Uygulama Gelistirici
orneginde Python bilgisi pozitif, diisiik Java ve ileri diizey veritaban bilgisi negatif yonde katki
saglamistir. Bilgi Giivenligi Analisti sinifinda orta diizey Python bilgisinin tahmini destekledigi
ancak ileri veritabani bilgisinin bu sinifa ait tahmini olumsuz etkiledigi gozlenmistir. Ayrica
Yapay Zeka Arastirmacisi ve Yapay Zeka Miihendisi siniflarinda Python ve Java bilgisi pozitif
etkiler iretmistir. Buna karsin veritabam bilgisinin yiiksekligi genellikle bu tahminleri
zayiflatmistir.

Bu analizler sonucunda LIME algoritmasinin sundugu lokal agiklamalar sayesinde modelin
hangi bireysel oOzellikleri hangi smiflandirma kararlarinda nasil kullandigi agik bigimde
gbzlemlenebilmistir. Boylece hem modelin giivenilirligi artirilmis hem de tahmin sonuglarinin
kullaniciya yorumlanabilir bigimde sunulmasi miimkiin kilmmustir. Ozellikle karar sinirinda
kalan oOrneklerde pozitif-negatif etkilerin dengesi, modelin dogrulugunun o&tesinde karar
gerekcesinin seffaflasmasina katki saglamistir.

Yapilan LIME analizlerinde, Python, Java ve Veritabani gibi baz1 teknik yetkinliklerin model
kararlarim1 giiclii bicimde etkiledigi gozlemlenmistir. Ancak aymi analizlerde C++ ve C#
programlama dillerinin model kararlarina anlamli bir etkisi olmadigi tespit edilmistir. Bu
durumun baslica iki nedeni bulunmaktadir:

Modelin Degisken Sec¢imi (Feature Importance) Karari: Gradient Boosting algoritmasi, tahmin
stirecinde yalnizca smiflar arasindaki farklari en iyi agiklayan degiskenleri kullanmaktadir.
Egitim siireci sonucunda model, C++ ve C# degiskenlerinin hedef degisken olan "Calistig
Alan" lizerinde anlamli bir ayrim giiciine sahip olmadigin1 6grenmis ve bu 6zelliklere cok diisiik
onem derecesi (feature importance) atamistir. LIME algoritmasi, yalnizca modelin karar
siirecine etki eden degiskenleri acgiklamaya c¢alistigi icin bu degiskenler ¢ogu ornekte yer
almamustir.

Verideki Varyans Eksikligi: C++ ve C# degiskenlerinin 6rneklem iginde yeterince ¢esitlilik
gbstermemesi, bu degiskenlerin karar siireclerine katkisini smirlamistir.  Ornegin, bu
programlama dillerine ait yetkinlik diizeylerinin ¢ogu 6grenci i¢in benzer (6rnegin "Ortalama™)
diizeyde olmasi, modelin bu degiskenler {izerinden anlamli sinif ayrimi1 yapamamasina neden
olmustur.

Bu nedenle, model hem istatistiksel agidan hem de karar agaci diizeyinde bu degiskenleri g6z
ard1 etmis ve LIME analizleri sonucunda bu 6zelliklerin etkisi ¢ogu grafikte gdriilmemistir.
Modelin daha yiiksek ayrim giicline ulagabilmesi i¢in bu tiir degiskenlerin daha dengeli, ¢esitli
ve anlamli bicimde veri kiimesine yansitilmasi gerekmektedir.

Sonug olarak, LIME analizleri sadece hangi degiskenlerin kullanildigin1 degil, ayn1 zamanda
modelin karar verirken bu degiskenlere ne kadar itibar ettigini de ortaya koyarak
aciklanabilirlige katk: saglamaktadir.
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Tablo 4. Her bir sinif icin LIME sonuglar1 ( LIME results for each class)

LIME Analizi - Omek #1
Omnek Index: 0
Gercek Alan: Yapay Zeka Arastirmacisi
Tahmin Edilen: Yapay Zeka Arastirmacisi

Csharp <= 3.00
I

-0.005

Veritabani > 2.00

-0.010 0.000 0.005

LIME Analizi - Ornek #2

ek Index:
Gergek Alan: Yapay Zeka Mahendisi
Tahmin Edilen: Yapay Zeka Miihendisi

C++ <= 3.00

Csharp <= 3.00

1.00 < Veritabani <= 2.00

2.00 < Java <= 3.00

Python <= 1.00

~0.004

~0.002 0.000 0.002 0.004 0.006 0.008

LIME Analizi - Gmek #3
Srmek Inde
Gergek Alan: Sadlik Bilisimi Uzmani
Tahmin Edilen: Grafik Programcisi

I

2.00 < Python <= 3.00

LIME Analizi - Omek #4
Ornek Index: 3
Gercek Alan: Veri Bilimci
Tahmin Edilen: Veri Bilimci

C++ <= 3.00

Csharp <= 3.00

Veritabani <= 1,00

1.00 < Python <= 2.00

2.00 < Java <= 3.00

-0.015 ~0.010 =0.005 0.000 0.005 0.010 0.01!
0.000 0.002 0.004 0.006 0.008 0010
LIME Analizi - Ornek #5 LIME Analizi - Ornek #6
Ornek Index: 6 ) Ornek Index: 7
Gercek Alan: Mobil Uygulama Gelistirici Gergek Alan: Bilgi Givenligi Analisti
Tahmin Edilen: Mabil Uygulama Gelistirici Tahmin Edilen: Bilgi Guvenligi Analisti
C+ <= 300 C#+ <= 3.00
Csharp <= 3.00
Csharp <= 3.00
Veritabani > 2.00
Java <= 1.00
1,00 < Python <= 2.00
Veritabani > 2.00
e _
1.00 < Python <= 2.00
-00125  -00100  -0.0075  -0.0050 -0.0025 00000 00025 00050  0.0075
-0.005 0.000 0.005 0.010 0.015
LIME Analizi - Ornek #7 LIME Analizi - Omnek #8
Ornek Ir o Ornek Index: 10
Gercek Alan: Veritabami Yonetic Gergek Alan: Web Gell
Tahmin Edilen: Veritabani Yoneticisi Tahmin Edilen: Web Gelistirici
Cibh <m 200 C4+ <=3.00
Csharp <= 3.00
Csharp <= 3.00
1.00 < Python <= 2.00
Veritabani <= 1.00
Java <= 1.00
Java <= 1.00
Veritabani > 2.00
2.00 < Python <= 3.00
-0.008 -0.006 ~0.004 -0.002 0,001
-0.020 -0.015 -0.010 -0.005 0.000 0.00:
LIME Analizi - Orek #9 LIME Analizi - Ornek #10
Ormek Index: 14 Ornek Index: 18
Gercek Alan: Grafik Programeisi Gercek Alan: Oyun Gelistirici
Tahmin Edilen: Grafik Programcisi Tahmin Edilen: Oyun Gelistirici
Ci+ <= 3.00 C4+ <= 3.00
Csharp <= 3.00
Csharp <= 3.00
2.00 < Java <= 3.00
1.00 < Veritabani <= 2.00
e _
2.00 < Java <= 3.00
s _
2.00 < Python <= 3.00
~0.025 -0.020 -0.015 -0.010 -0.005 0.000
-0.025 -0.020 -0.015 -0.010 ~0.005 0.000 0.005 0.010
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LIME Analizi - Ornek #12
Orn 122

Gergek Alan: Yazihm Muhendisi
Tahmin Edilen: Yazilim Mihendisi

Python <= 1.00
i
e _
e _

-0.005 0.000 0.005 0.010 0.015

-0.020 -0.015 -0.010 -0.005 0.000 0,005

3.2.2. Sonu¢larin SHapley Additive exPlanations Tarafindan Yorumlanmasi
(Interpretation of Results by SHAP)

Bu calismada, gelistirilen tahmin modelinin karar mekanizmasini daha iyi anlamak amaciyla
uygulanan SHAP analizi ile her bir alan 6zelinde 6zniteliklerin model ¢iktisina etkisi detayl
bigimde Tablo 5 ‘de verilmistir.

Veri Bilimei sinifi i¢in yapilan SHAP analizi, 6zellikle PR_Yapay Zeka, InDo_Bulut Bilisim,
InDo_Veritaban1 Yonetimi ve InDo Web Gelistirme gibi teknik alanlara ait yeterliliklerin
yliksek SHAP degerlerine sahip oldugunu ve bu sinifa tahmini gii¢lii bi¢imde etkiledigini
gostermektedir.

Benzer sekilde Mobil Uygulama Gelistirici sinifi i¢in en belirgin 6znitelikler InDo_Mobil
Uygulama Gelistirme, InDo_Bulut Bilisim ve InDoWeb Gelistirme olarak 6ne ¢ikmig, bu da
gelistiricilerin ¢alistiklart teknoloji yigilarimin tahmine yon verdigini géstermektedir.

Bilgi Giivenligi Analisti sinifinda InDo_Siber Giivenlik, PR_Siber Giivenlik ve InDo_ Bulut
Bilisim 6znitelikleri en yiiksek katkiy1 saglayan unsurlar olurken, Python ve Veritabam gibi
programlama bilgileri de sinirli da olsa etki gdstermistir.

Yapay Zeka Arastrmacist smifinda ise InDo Yapay Zeka, PR Sinir Ag Gelistirme,
PR Takviyeli Ogrenme gibi ileri diizey yapay zekd tekniklerinin yogun katki sagladig
goriilmektedir. Bu sonug aragtirma odakli yapay zeka pozisyonlarinin model tarafindan teknik
yetkinliklerle gii¢lii sekilde iliskilendirildigini ortaya koymaktadir.

Yapay Zeka Mihendisi sinifinda da InDo_Yapay Zeka, InDo_Blokzincir, PR_Goriintii Tanima
ve InDo_Web Gelistirme gibi disiplinler SHAP degerlerine gore yiiksek katki saglamistir.

Veritaban1 Yoneticisi sinifinda beklenildigi iizere InDo Veritabant Yonetimi en belirgin
etkileyici unsur olurken, InDo_Bulut Bilisim, PR _Bilgisayar Adli Analisti gibi destekleyici
alanlar da modelin kararina katkida bulunmustur.

Saghk Bilisimi Uzmani sinifi i¢in InDo_Gériintii Isleme ve InDo Bulut Bilisim gibi teknik
alanlarin yani sira PR_Bilgisayar Adli Analisti gibi alanlarin da etkili olmasi, disiplinler arasi
bilgi yapisinin model tarafindan dikkate alindiginm1 gostermektedir.

Web Gelistirici sinifinda ise InDo_Web Gelistirme, InDo_Bulut Bilisim ve PR_SQL Sorgu
Optimizasyonu gibi dogrudan uygulama gelistiriciligiyle iligkili teknik yeterliliklerin SHAP
degerlerinde baskin oldugu gbzlemlenmistir.
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Son olarak Grafik Programcisi ve Oyun Gelistirici siniflari i¢in yapilan SHAP analizleri her iki
alanda da InDo_Web Gelistirme, InDo_Siber Giivenlik ve PR_3D lsleme gibi teknik alanlara
ait diisiik ama tutarl1 katkilar sergilemistir. Ancak bu simiflarda etkili olan 6zelliklerin SHAP
katkilarinin diger meslek gruplarina kiyasla daha az ayristigir goriilmektedir. Bu durum bu
meslek gruplarina 6zgii belirgin teknik yeterliliklerin daha az temsil edilmesiyle agiklanabilir.

Genel olarak SHAP analizleri modelin her bir sinifa iligkin tahminlerinde hangi teknik
yeterliliklerin 6ne ¢iktigini ortaya koymus, modelin agiklanabilirligini artirarak kararlarinin
sadece dogru degil, ayn1 zamanda anlasilir ve yorumlanabilir olmasini saglamistir. Bdylece veri
bilimsel kararlarin giivenilirligi ve kullaniciya sunulabilirligi iist diizeye ¢ikarilmigtir.

Tablo 5. Her bir sinif igcin SHAP sonuglar1 (SHAP results for each class)
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SHAP Summary Plot - Sinif: Yapay Zeka .l\rastlrrrm\:lsgr n SHAP Summary Plot - Sinif: Yapay Zeka Mihendisi Migh
ig ig
PR_Takviyeli Ogrenme . InDo_Yapay Zeka .
PR_Sinir Agi Gelistirme InDo_Blokzincir .
InDo_Yapay Zeka * InDo_Web Gelistirme -
InDo_Bulut Bilisim ~ p PR_Bilgisayar Adli Analisti
InDo_Adli Billgim InDo_Bulut Bilisim -
InDo_Blokzincir PR_Goruntl Tamima .
InDo_Siber Givenlik InDo_Siber Glivenlik Gad
InDo_Veritabani Yonetimi Python L.
PR_Bilgisayar Adli Analisti E InDo_Veritabani Yonetimi - "
InDo_Web Gelistirme g - N %
v PR_Bilgisayarla Gorme s
PR_Siber Givenlik =2 n g
- 2 PR_Gariinti Siniflandirmasi o %
PR_Akilll Sozlesmeler Gelistiricisi = . o @
PR_Akilli Sézlesmeler Gelistiricisi o
Python . N .
PR_Siber Glvenlik
Veritabani
PR_Akilli Ev Otomasyonu
Java
PR_Android Oyunu
PR_Android Uygulamasi
PR_Android Uygulama Gelistirme
PR_Akilll Ev Otomasyonu
PR_|statistiksel Analiz
PR_Android Oyunu -
. . PR_Android Uygulamasi
PR_Android Uygulama Gelistirme -
PR_Bulut Céziim Mimarisi PR_3D Igleme
Low PR_Bilgisayarl Goruntuleme
0.0 0.2 0.4 0.6 0.8 L
SHAP value (impact on model output) 0.0 0.2 0.4 06 08 ow
SHAP value (impact on model output)
SHAP Summary Plot - Sinif: Saglik Bilisimi Uzmani Hioh SHAP Summary Plot - Simif: Veri Bilimci ok
ig g
InDo_Gaorintu Isleme . PR_Yapay Zeka .
InDo_Bulut Bilisim . InDo_Bulut Biligim .
InDo_Web Gelistirme . InDo_Veritabani Yonetimi .
InDo_Veritabani Yonetimi . InDo_Web Gelistirme .
PR_Siber Glivenlik InDo_Siber Giivenlik .
InDo_Siber Glvenlik PR_Siber Guvenlik .
PR_Bilgisayar Adli Analisti . PR_Bilgisayar Adli Analisti
InDo_Blokzincir . InDo_Blokzincir -
PR_Akilli Sézlesmeler Gelistiricisi " PR_Akilli Sézlesmeler Gelistiricisi - -
S =
InDo_Adli Bilisim ? InDo_Adli Bilisim f ]
- 4 @
PR_Akilli Ev Otomasyonu % PR_3D isleme H 2
@ @
PR_Android Oyunu - PR_AWS Dagitimi H =
PR_Android Uygulama Geligtirme PR_Akilli Ev Otomasyonu H
PR_Android Uygulamasi PR_Android Oyunu H
PR_Istatistiksel Analiz PR_Android Uygulama Gelistirme H
PR_Bilgisayarla Gérme PR_Bilgisayarla Gorme H
PR_3D isleme PR_Android Uygulamasi H
PR_Bilgisayarli Gorlintlleme InDo_On Yiiz Tasarimi H
PR_Bulut Altyapi Yonetimi PR_Bilgisayarli Goruntileme H
PR_Bulut Go¢ Uzmani PR_Bulut Altyapi Yonetimi H
Low
0.0 0.2 0.4 0.6 Low 0.0 0.2 04 0.6
SHAP value (impact on model output) SHAP value (impact on model output)
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SHAP Summary Plot - Sinif: Mobil Uygulama Ge\i;tiriﬂ N SHAP Summary Plot - Simif: Bilgi Glivenligi Analisti High
ig! i
InDo_Mobil Uygulama Gelistirme - InDo_Siber Glvenlik -
InDo_Bulut Biligim - PR_Siber Giivenlik .
InDo_Web Gelistirme . InDo_Bulut Bilisim -
InDo_Veritabani Yonetimi - InDo_Veritabani Yonetimi -
PR_Siber Guvenlik : InDo_Web Geligtirme -
InDo_Siber Glvenlik . Python .
PR_Bilgisayar Adli Analisti . PR_Bilgisayar Adli Analisti -
InDo_Blokzincir * InDo_Blokzincir -
InDo_Adli Bilisim . E Java . 9
. ’ L s El
PR_Akilli S6zlesmeler Gelistiricisi - 3 PR_Akilli Sozlesmeler Gelistiricisi = g
fetatict " 5 g
PR_Istatistiksel Analiz %': InDo_Adli Bilisim - %
w -
PR_Akilll Ev Otomasyonu Veritabani . w
PR_Android Oyunu - "
- PR_istatistiksel Analiz
PR_A id U I Gelisti
_Android Uygulama Gelistirme PR_Android Oyunu
PR_Android Uygulamasi
- 9 PR_Android Uygulama Gelistirme
PR_Bilgisayarla Gorme
PR_Android Uygulamas!
PR_3D Isleme NPT
PR_Bulut Altyapi Yonetimi
PR_Bilgisayarh Goruntileme 3
PR_Bilgisayarla Gorme
PR_Bulut Altyap! Yonetimi
PR_Bilgisayarli Gartntileme
PR_Bulut Gég Uzmani
PR_AWS Dagitimi
Low
0.0 0.2 0.4 0.6 0.8 Low
SHAP value (impact on model output) 0.0 0.1 0.2 0.3 0.4
SHAP value (impact on model output)
SHAP Summary Plot - Sinif: Veritabami Yéneticisi High SHAP Summary Plot - Sinif: Web Gelistirici High
i Ig
InDo_Veritabani Yonetimi . InDo_Web Gelistirme -
InDo_Bulut Bilisim - InDo_Bulut Bilisim .
InDo_Web Gelistirme . InDo_Veritabani Yonetimi .
InDo_Siber Giivenlik . PR_Bilgisayar Adli Analisti .
PR_Siber Giivenlik * InDo_Siber Giivenlik .
InDo_Blokzincir : InDo_Blokzincir -
PR_Bilgisayar Adli Analisti . PR Siber Giivenlik -
PR_Akill Sézlesmeler Gelistiricisi o InDo_Adli Bilisim .
InDo_Adli Bilisi o = -
nbo_Adli Bilisim g PR_Akilli Sozlesmeler Gelistiricisi o P
GNO $ L 2
® PR_SQL Sorgu Optimizasyonu >
Java 2 e
] Python %
PR_Akilli Ev Otomasyonu - 2
Csharp
PR_Android Oyunu N
PR_AWS Dagitimi
PR_Android Uygulama Gelistirme
PR_Akilli Ev Otomasyonu
PR_Android Uygulamasi
PR_Android Oyunu
PR_Bilgisayarl Goruntileme
- PR_Android Uygulama Gelistirme
PR_Bilgisayarla Germe
. PR_Bilgisayarla Gorme
PR_3D Isleme
N PR_Android Uygulamasi
PR_Bulut Altyapi Yonetimi -
PR M Il
PR_Bulut Gog Uzmani -30 Modelleme
Low PR_Bilgisayarh Gériuntileme
0.0 0.2 0.4 0.6 o
SHAP value (impact on model output) 0.0 0.2 0.4 0.6 "
SHAP value (impact on model output)
. .
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SHAP Summary Plot - Sinif: Grafik Programaisi High SHAP Summary Plot - Sinif: Oyun Gelistirici High
InDo_Siber Guvenlik PR_Oyun Gelistirme
InDo_Bulut Biligim InDo_Bulut Bilisim
InDo_Web Gelistirme - PR_Aklli Sozlesmeler Gelistiricisi -
InDo_Blokzincir - PR_Bilgisayar Adli Analisti
PR_Bilgisayar Adli Analisti - InDo_Blokzincir
InDo_Veritabani Yonetimi o InDo_Adli Bilisim
PR_Siber Givenlik - InDo_Veritabani Yonetimi
Veritabani InDo_Siber Giivenlik .
Python v InDo_Web Gelistirme g
C++ 1 E PR_Siber Giivenlik K
Java ¢ % PR_Bulut G&z(im Mimarisi %
PR_Istatistiksel Analiz H = PR_Android Oyunu &
PR_Akilli Sozlesmeler Gelistiricisi H PR_3D isleme
PR_Android Oyunu PR_AWS Dagitimi
PR_Android Uygulama Gelistirme H PR_Akilli Ev Otomasyonu
PR_Android Uygulamasi 1 PR_Chatbot Gelistirme
PR_Bulut Altyapi Yénetimi { PR_Android Uygulama Gelistirme
PR_Bilgisayarla Gérme ~ § PR_Bulut Gég Uzmani
PR_Bilgisayarli Gérintileme f PR_Android Uygulamasi
PR_AWS Dagitimi H PR_3D Modelleme
0.00 0.05 0.10 0.15 o Low
éHAP valué (impact .m m“dEI‘OUtp"n 2:-)!AP vacl.fe (impua;zl on nagdel auotlgul)
SHAP Summary Plot - Sinif: Bulut Cozlmleri MirmnHigh SHAP Summary Plot - Sinif: Yaziim Mihendisi High
InDo_Bulut Bilisim - InDo_Yazihm Gelistirme
InDo_Web Gelistirme InDo_Bulut Bilisim
InDo_Veritabani Yonetimi InDo_Veritabani Yonetimi
PR_Siber Giivenlik . InDo_Siber Guvenlik
InDo_Siber Giivenlik . PR_Siber Guvenlik
PR_Bilgisayar Adli Analisti . InDo_Web Gelistirme
InDo_Blokzincir o InDo_Blokzincir
InDo_Adli Bilisim PR_Bilgisayar Adli Analisti
PR_Akilll Sozlesmeler Gelistiricisi o g InDo_Adli Bilisim g
Python E PR_AKIll Sézlesmeler Gelistiricisi E’
PR_GCP Daditimi % PR_istatistiksel Analiz %
PR_E-ticaret Web Sitesi & PR_Akilll Ev Otomasyonu w
PR_Bulut Coziim Mimarisi PR_Android Oyunu
PR_Akilll Ev Otomasyonu PR_Android Uygulama Gelistirme
PR_Android Oyunu PR_Bilgisayarla Gorme
PR_Android Uygulama Gelistirme PR_Android Uygulamasi
PR_Bilgisayarl Goriintileme PR_3D isleme
PR_Android Uygulamasi PR_Bilgisayarli Gériintileme
PR_Bilgisayarla Gérme PR_Bulut Altyapi Yonetimi
PR_3D isleme PR_Bulut G&¢ Uzmani
Y 02 oa o6 Eow 0.0 02 04 06 Lo
SHAP value (impact on model output) SHAP value (impact on model output)

4. Tartisma ve Sonuc (Results and Discussion)

Bu calismada bilgisayar miithendisligi alaninda 6grenim goren veya mezun olan bireylerin sahip
olduklar1 teknik yeterlilikler, programlama bilgileri ve akademik basar diizeylerine gore hangi meslek
grubunda c¢alistiklarinin tahmin edilmesi amaglanmistir. Bu amag¢ dogrultusunda olusturulan veri
kiimesi, genel not ortalamasi1 (GNO), staj yapilan alan, gelistirilen proje, veri tabani bilgisi ve Python,
Java, C#, C++ gibi programlama dillerine iligkin bilgi diizeylerinden olusmustur. Veri kiimesi lizerinde
gergeklestirilen veri 6n isleme siirecinde eksik veriler temizlenmis kategorik degiskenler uygun bigcimde
kodlanmis ve ordinal degiskenler sirali sekilde sayisallagtirilmistir. Bdylece makine Ogrenmesi
algoritmalarinin egitilmesine uygun, tutarli ve dengeli bir veri yapisi elde edilmistir.

Model se¢imi asamasinda farkli siniflandirma algoritmalarinin basarimini karsilastirmak amaciyla
LazyClassifier yapisindan yararlanilmis ve en yiiksek dogruluk oranimi saglayan modeller tespit
edilmigtir. Elde edilen karsilagtirma sonuglarina gére Gradient Boosting algoritmasi yaklagik %97 F1
skorlar1 ile en basarili model olarak belirlenmistir. Bu model i¢in GridSearchCV yodntemiyle
hiperparametre optimizasyonu gergeklestirilmis ve optimum parametre kombinasyonlari belirlenerek
ana model ortaya ¢ikmistir. Modelin degerlendirilmesinde yalmzca dogruluk orami degil ayn1 zamanda
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kesinlik, duyarlilik ve F1 skor gibi performans metrikleri de dikkate alinmgtir. Ozellikle F1 skoru
siiflar arasi dengesizliklerin etkisini azaltan hassas bir gosterge olarak 6n plana ¢ikarilmigtir.

Simiflandirma modelinin bagarisi, karigiklik matrisi ile detaylandirilarak degerlendirilmistir. Gradient
Boosting modeli, birgok meslek smifin1 dogru sekilde siniflandirabilmistir. Ozellikle veri bilimci, web
gelistirici, mobil uygulama gelistirici gibi siniflarda tiim 6rnekleri isabetli bi¢imde tahmin etmistir. Baz1
smmiflar arasinda goézlemlenen simirhh hata payi, meslek gruplarmin teknik benzerliklerinden
kaynaklanmis ve bu durum da modelin tahmin mantigimin mantikli bir temele dayandigini
gostermektedir

Modelin sadece dogruluk diizeyiyle degil aym1 zamanda seffaflik ve yorumlana bilirlik diizeyiyle de
degerlendirilmesi amaciyla agiklanabilir yapay zeka yaklagimlar1 olan SHAP ve LIME analizlerinden
faydalanilmistir. SHAP analizi ile her bir meslek sinifi i¢in modelin hangi teknik 6zniteliklere ne 6l¢iide
agirhik verdigi ortaya konmustur. Ornegin veri bilimei tahminlerinde yapay zeka ve veri taban1 yonetimi
bilgileri, yapay zeka arastirmacisi siifinda ise sinir ag1 ve takviyeli 6grenme gibi ileri diizey teknikler
yiiksek SHAP degerleriyle 6ne ¢ikmistir. LIME analizleri ise modelin bireysel ornekler iizerindeki
kararlarini lokal diizeyde ag¢iklayarak tahminin ardinda yatan nedenleri kullaniciya anlasilir sekilde
sundugu goriilmiistiir.

Bu calismada elde edilen siniflandirma modeli sonuglari, literatiirde benzer amaclarla kullanilan makine
Ogrenmesi algoritmalariyla karsilastirildiginda oldukca dikkat ¢ekici bir diizeydedir. Gradient Boosting
algoritmasi, %97.5 dogruluk oraniyla tiim modeller arasinda en iyi performansi gostermistir. Bentéjac
vd. (2020) tarafindan yapilan kapsamli ¢alismada, Gradient Boosting’in genel olarak %90 iizeri
dogruluk sagladig: ifade edilmistir [3]. Bu baglamda, calismamizda elde edilen sonuglar, literatiirdeki
basar1 oranlarini agarak modelin veri kiimesine yliksek uyum sagladigini géstermektedir. Decision Tree
ve Naive Bayes algoritmalar sirasiyla %95.2 ve %94.2 dogruluk orani ile gii¢lii performans sergilemis,
bu oranlar Akgiin (2019) gibi benzer siniflandirma c¢alismalarinda elde edilen %85-90 araligindaki
sonuclart ge¢cmigtir [1]. Logistic Regression %91.4 dogruluk ile beklenenin {izerinde bir basar1 saglamis,
KNN algoritmasi ise %80 dogrulukla literatiirde Uzbas vd., (2024) %78 gibi degerlerle uyumlu bir sonug
vermistir. Buna karsin, AdaBoost (%48.6) ve SVC (%45.7) modelleri, sinif dagilimi dengesizligi ve
yiiksek boyutlu veri uzaymin etkisiyle diisilk dogruluk gostermistir. Literatiirde bu iki algoritmanin
benzer veri yapilarinda sinirli performans sundugu ve bu sonuglarin olagan oldugu bildirilmektedir
[4].Sonug olarak, calismada elde edilen simiflandirma basarilari, literatiir bulgulariyla genel olarak
uyumlu olmakla birlikte, baz1 modeller agisindan daha {istiin dogruluk oranlaria ulasilmistir.

Sonu¢ olarak bu calisma ile Ogrencilerin teknik ve akademik yeterliliklerine gore bilgisayar
mithendisligi alanindaki yonelimlerinin basariyla tahmin edilebildigini gdstermekte ve bu siirecin seffaf
bir bigimde yorumlanabilecegini ortaya koymaktadir. Gelistirilen model yiiksek dogruluk oraninin yani
sira giiclii aciklana bilirlik 6zellikleriyle de dikkat cekmekte olup, 6grencilerin kariyer planlamasi, insan
kaynaklar1 siiregleri ve egitim damigmanligi gibi uygulamalarda etkili bi¢imde kullanilabilecek
potansiyele sahip oldugu goriilmektedir.
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oz

Gilintimiizde artan trafik yiikleri ve ¢evresel etkenler, asfalt kaplamalarin daha dayanikli, uzun émiirli ve yiiksek
performansli olmasini zorunlu kilmaktadir. Bu gereksinimleri karsilamak amaciyla gelistirilen Tag Mastik Asfalt
(TMA), ozellikle agir tasit trafigine maruz kalan yol kesimlerinde tercih edilen bir iistyapr kaplama tiiriidiir.
TMA'nin basarisi, igeriginde kullanilan agrega ve baglayici malzemelerin kalitesi ile dogrudan iliskilidir. Bu
baglamda, agrega bilesenlerinin 6zellikleri, karisimin performans kriterlerini 6nemli 6l¢iide etkilemektedir.

Bu c¢alismada, TMA kaplamalarda ince agrega olarak kullanilan agrega tiiriiniin karisim performansina etkisi
arastirilmistir. Calismada bazalt agrega yerine daha yaygin ve ekonomik bir alternatif olan kiregtasi, ince agrega
olarak kullanilmigtir. Calismanin ilk agamasinda bazalt ve kiregtasi agregalar kullanilarak TMA numuneler
hazirlanmistir. Hazirlanan karigimlarin optimum bitim degerleri Marshall dizayn yontemi ile belirlenmistir.
Deneysel ¢aligmalarda, optimum bitliim igeriklerinde hazirlanan bazalt ve kiregtasi TMA numunelere ait bosluk
orani, agregalar arasi bosluk orani, pratik 6zgiil agirlik, agregalar aras1 bitiimle dolu bosluk yiizdeleri belirlenerek
dolayli cekme mukavemeti deneyi (ITS) yapilmig ve numunelerin neme karsi hassasiyetleri (TSR) belirlenmistir.
Elde edilen bulgular, TMA karisimlarda kirectaginin ince agrega olarak kullanilmasiin bazi yonlerden iiretim
kolaylig1 ile ekonomik avantajlar saglayabilecegini gostermistir.

Anahtar kelimeler: Tas Mastik Asfalt, Bazalt, Kire¢tasi, Marshall Metodu, Nem Hasar1.

USE OF BASALT AGGREGATE IN STONE MASTIC ASPHALT MIXTURES

ABSTRACT

Today, increasing traffic loads and environmental factors require asphalt pavements to be more durable, long-
lasting and high-performance. Stone Mastic Asphalt (SMA), which was developed to meet these requirements, is
a type of pavement coating preferred especially in road sections exposed to heavy vehicle traffic. The success of
SMA is directly related to the quality of the aggregate and binding materials used in its content. In this context,
the properties of the aggregate components significantly affect the performance criteria of the mixture.

In this study, the effect of the aggregate type used as fine aggregate in SMA pavements on the mixture performance
was investigated. In the study, limestone, which is a more common and economical alternative to basalt aggregate,
was used as fine aggregate. In the first stage of the study, SMA samples were prepared using basalt and limestone
aggregates. The optimum bitumen values of the prepared mixtures were determined by the Marshall design
method. In experimental studies, the void ratio, void in mineral agregate, bulk specific gravity, void filled with
bitumen were determined for basalt and limestone SMA samples prepared with optimum bitumen content, indirect
tensile strength test (ITS) was performed and the samples sensitivity to moisture (TSR) was determined. The
findings obtained showed that the use of limestone as fine aggregate in SMA mixtures could provide economic
advantages in some aspects due to ease of production.

Keywords: Stone Mastic Asphalt, Basalt, Limestone, Marshall Method, Moisture Damage.

*Sorumlu Yazar/Corresponding Author: handevarol@isparta.edu.tr 150



http://doi.org/10.62301/usmtd.1718661
http://doi.org/10.62301/usmtd.1718661
mailto:handevarol@isparta.edu.tr
https://orcid.org/0000-0002-3481-9925

Uluslararas: Siirdiiriilebilir Miihendislik ve Teknoloji Dergisi ISSN: 2618-6055 /9, (1), 150 — 158, 2025

International Journal of Sustainable Engineering and Technology DOI:10.62301/usmtd.1718661

1. Giris (Introduction)

Artan trafik hacmi, asfalt kaplamalarda erken yaslanma, deformasyon ve yapisal bozulmalar gibi ciddi
performans kayiplarina yol agmaktadir. Bu sorunlarin 6niine gecebilmek ve yol kaplamalarinin hizmet
Omriinii uzatmak amaciyla, bilim insanlar1 bitiimlii karisimlarin performans 6zelliklerini iyilestirmeye
yonelik yenilik¢i yontemler ve malzeme yapilari gelistirmistir. Bu dogrultuda 6ne ¢ikan uygulamalardan
biri de Tas Mastik Asfalt (TMA) tasarimidir. TMA, oOzellikle yiiksek dayanim, uzun Omiir ve
deformasyona kars1 direng gerektiren yol yiizeyleri i¢in tercih edilmektedir. TMA nin karigim yapisi,
performans 6zelliklerini dogrudan etkileyen 6zel bir oranlamaya sahiptir. Toplam agrega bilesiminin
yaklasik %70-80°1 iri daneli agregalardan olusur; bu yapi, karisim icinde dayanikli bir tag iskeleti
meydana getirir. Karisima %6-7 oraninda baglayici (bitiim), %8-12 oraninda mineral dolgu malzemesi
ve yaklasik %0.3-0.5 oraninda stabilizasyon amaciyla elyaf (genellikle seliilozik) eklenir. Iri agregalarin
siki kenetlenmesi sonucu olusan bosluklar, ince agrega, filler, polimer modifiye bitiim ve elyaftan olusan
mastik harg ile doldurularak yapinin hem mekanik dayanimi hem de baglayici stabilitesi artirilir [1].
Agrega derecelendirmesi, asfalt karisimimin performansi iizerinde dogrudan etkili olup, yeterli diizeyde
esneklik, stabilite, islenebilirlik ve optimum hava boslugu icerigi saglanmasi agisindan kritik bir rol
oynar. Uygun sekilde tasarlanmig bir agrega gradasyonu, karisimin hem mekanik dayanimini artirmakta
hem de uzun vadeli deformasyonlara kars1 direncini gliglendirmektedir. Ayrica, bu gradasyon, asfaltin
yerinde serilmesi ve sikistirilmasi sirasinda homojen bir yapi olusmasina katkida bulunarak, kalici
bozulmalarin 6nlenmesine ve servis Omriiniin uzamasina yardimci olur [2].

Tiirkiye’de TMA uygulamalari ilk olarak 1998 yilinda baslatilmis ve 1999 yilindan itibaren 6zellikle
yogun trafik yiiklerinin etkili oldugu yol kesimlerinde asinma tabakas1 olarak kullanilmaya baslanmustir.
TMA, sahip oldugu yiiksek performans 6zellikleri nedeniyle basta otoyollar, koprii tistii gegisleri, tiinel
giris-cikislar1 ve agir tasit trafigine maruz kalan gilizergahlar olmak iizere, dayaniklilik ve uzun omiirlii
ylizey kaplamalarinin gerektigi stratejik noktalarda tercih edilmistir. Bu uygulama siireci, yalnizca yeni
bir kaplama tipi olarak kalmayip, ayn1 zamanda asfalt teknolojisinde yenilik¢i malzeme kullanima,
iretim teknikleri ve tasarim kriterlerinin arastirildigi 6nemli bir miihendislik alani haline gelmistir. TMA
ile ilgili yapim esaslari, tiretim kosullart ve kalite kriterleri ise, 2013 yilinda yayimlanan Karayollar
Teknik Sartnamesi (KTS) kapsaminda tanimlanmis olup, bu diizenlemeler KTS$ nin 408. Kismi
icerisinde ayrintili olarak yer almaktadir [3,4].

Literatiirde TMA karisimlara iliskin yapilan c¢alismalarda Wu vd., (2007), TMA karisimlarda ¢elik
clirufunun agrega olarak kullanimina iligkin yaptiklar1 ¢alismada diisiik sicaklikta gatlamaya karsi
direncinde iyilesme oldugu vurgulanmistir [5]. Sengiil vd. (2013), SBS polimer modifiye TMA
kaplamalarin performansini aragtirmis, Marshall sonuglarina gére SBS polimer modifiyeli numunelerin
kontrol karisimlara gore daha iyi sonuglar verdigi ortaya ¢ikmistir [6]. Wang vd. (2019), SBS modifiyeli
TMA karigimlarda bazalt elyafin performansini arastirarak bazalt elyafin baglayici deney sonuglarina
gore temel Ozellikleri iyilestirdigi kanitlanmustir [7]. Alonso-Troyano vd., (2025) atik tekstil atiklarini
mekanik performans ve siirdiiriilebilirliklerini artirmak i¢in TMA karisimlarda uygulanabilirligini test
etmisglerdir. Ayni zamanda bu ¢alisma ile yerel olarak {iretilen tekstil atiklarinin yeniden kullanilmasinin,
depolama alaninda birikimin azaltilmasinin ve endiistriler arasinda sinerji yaratilmasinin gevresel ve
ekonomik avantajlarini vurgulanmistir [8].

Bu calismada iki farkli TMA numune serisi hazirlanmistir. Her iki seri i¢in %]1.6 oraninda
‘ELVALOY™ 5160 Copolymer’ (Elvaloy RET) ve %0.2 oraninda polifosforik asit (PPA) kullanilarak
bitiim modifikasyonu yapilmis, karisima ise %0.35 oraninda seliiloz fiber eklenmistir. Ilk TMA karisim
gradasyonunda kaba agrega bazalttan, ince agrega bazalttan, filler ise kire¢tagindan hazirlanmistir.
Ikinci TMA karisimda ise ince agrega kirectasi ile degistirilerek karisim hazirlanmis ve degisen agrega
tipinin karigimlar tizerindeki nem hasarina kars1 direngleri incelenmistir.

2. Materyal ve Metot (Material and Method)
2.1. Agrega (Aggregate)

Calismada kullanilan kiregtasi ve bazalt agrega Isparta Belediyesi’nden temin edilmistir. Kullanilan
kirectas1 agregasina ait fiziksel ozellikler Tablo 1°de, bazalt agregaya ait 6zellikler ise Tablo 2’de
verilmistir.
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Tablo 1. Kirectas1 agrega 6zellikleri (Properties of limestone aggregate)

Deney Deger Standart
Ozgiil Agirlik (gr/cm?)
Ince Agrega
Zahiri Ozgiil Agirlik 2.716
Hacim Ozgiil Agirlik 2.674  ASTM C128-88 [9]

Su Absorpsiyonu % 0.6
Filler
Hacim Ozgiil Agirlik 2.730 ASTM C128-88 [9]
Los Angeles Asinma (%) 22 ASTM C 131 [10]

Tablo 2. Bazalt agrega 6zellikleri (Properties of basalt aggregate)

Agrega Deneyleri Sonu¢ Standart
Karigimin Efektif Ozgiil Agirhig 2.61 ASTM D-2041 [11]
KTS Degerleri [4]
Agrega Deneyleri Sonug (TMA Asinma Standart
Tabakasi)
Parcalanma Direnci (Los Angeles Asinma 20 <25 AASHTO T-96 [12]
Kaybi), (% Kayip)
Asinma Direnci (Mikro-Deval) 9.1 TS EN 1097-1 [13]
Hava Tesirlerine Kars1 Dayaniklilik (MgSOs, 1.6 <14 TS EN 1367-2 [14]
Donma Kaybr), (%)
Yassilik Indeksi, (%) 17 <25 BS 812 [15]
Soyulma Mukavemeti, (%) 70-75 >60 TS EN12697-11 [16]
Metilen mavisi, (g/kg) (Karigimin) 1.5 <1.5 TS EN 933-9 [17]

Calismada kullanilan agrega gradasyonu Sekil 1’de, numune o6rnekleri Sekil 2°de gosterilmistir.

B =

80

| 4
70
60 // /
c 50 #
g 40 ‘ == Alt SInIr
8 30 / == st Sinir
R 20 - / npnm‘mpl
10 +— v
0

0.075| 0.18 | 0.425 2 475 | 95 | 125 19
== AL SINIT 8 9 12 20 25 50 90 100
== Ust Sinir 12 17 22 30 40 75 100 | 100

Deneysel| 9.2 | 119 | 154 | 234 | 341 | 69.6 | 93.5 | 100
Elek Capi (mm)

Sekil 1. TMA agrega gradasyonu (Gradation of TMA aggregate)

*Sorumlu Yazar/Corresponding Author: handevarol@isparta.edu.tr 152



http://doi.org/10.62301/usmtd.1718661
http://doi.org/10.62301/usmtd.1718661
mailto:handevarol@isparta.edu.tr

Uluslararasi Siirdiiriilebilir Mithendislik ve Teknoloji Dergisi ISSN: 2618-6055/9, (1), 150 — 158, 2025
International Journal of Sustainable Engineering and Technology DOI:10.62301/usmtd.1718661

Sekil 2. Karisim numune 6rnekleri (Mixture sample examples)
2.2. Bitiim (Bitumen)
Calismada Aliaga Rafinerisi’nden temin edilen 50-70 penetrasyonlu bitiim kullanilmistir. 50-70
penetrasyonlu Dbitiimiin 6zellikleri Tablo 3’te, kullanilan modifiye edilmis bitim Sekil 3’te

gosterilmistir.

Tablo 3. 50-70 Bitiimlii baglayici 6zellikleri (Properties of 50-70 penetration bituminous binder)

Deney Deger Standart
Penetrasyon (25°C) 58 ASTM D5 [18]
Yumusama Noktasi(°C) 51 ASTM D36 [19]
Ozgiil Agirlik (gr/cm? ) 1.037 ASTM D70 [20]

Sekil 3. Caligmada kullanilan modifiye bitiim (Modified bitumen used in the study)
2.3. Karisim deneyleri (Mixture tests)

TMA numuneleri KTS’ ye gore hazirlanmis, dizayn i¢in Marshall yontemi tercih edilmistir [4]. 1150 gr
olarak hazirlanan karisim numunelerine agirlikca sirasiyla %5, %5.5, %6, %6.5, %7 oraninda bitiim ve
%0.35 oranda seliiloz fiber eklenmis, her orandan da liger adet numune hazirlanmistir. Elde edilen
numunelerin pratik 6zgiil agirlik (Dp), bosluk oran1 (Vh), agregalar arasi bosluk oran1 (VMA), bitiimle
dolu bosluk miktar1 (Vf) degerleri ve optimum bitiim miktar1 (OBM) belirlenmistir. Asfalt kaplamalar,
hizmet siiresi boyunca donma-¢oziilme, sicaklik degisimleri gibi cesitli ¢evresel etkilere maruz
kalmaktadir. Bu etkiler, zamanla esnek kaplamalarin mekanik &zelliklerinde azalmaya neden olarak
yapisal bozulmalara yol acabilmektedir. Dolayli ¢ekme mukavemeti (ITS) deneyi, silindirik asfalt
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numunelerinin ¢ekme dayanimimi belirlemek amaciyla uygulanmakta olup, bu yontemde numuneler
Marshall cihaz ile dikey ¢ap dogrultusunda yiiklemeye tabi tutulmaktadir [21]. Iki TMA serisi igin de
belirlenen OBM degerleriyle numuneler hazirlanmis ve dolayli ¢ekme mukavemeti deneyi (ITS)
yapilarak karisimlarin neme karsi hassasiyetleri (TSR) belirlenmistir.

Calismada kullanilan serilere ait numune kodlar1 Tablo 4°te verilmistir.

Tablo 4. TMA Numune serileri ve agrega kombinasyonlar1 (TMA sample series and aggregate
combinations)

Seri Kaba Agrega Ince Agrega Filler Kod
1 Bazalt Bazalt Kiregtast  BBK
2 Bazalt Kiregctast Kiregtasi  BKK

3. Arastirma Bulgular1 (Research Findings)

OBM belirlemek amaciyla yapilan Marshall Stabilite ve akma deneyi (MS) sonucunda numunelere ait
Vh, Vf, VMA ve Dp degerleri elde edilmistir. Sekil 4’te BBK ve BKK serilerinin pratik 6zgiil agirlik
ile bitiim orani iligkisi goriillmektedir.
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o o
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2290 2340
2280 . 2335
2270 2330
450 500 550 600 6.50 7.00 7.50 450 5.00 550 6.00 650 7.00 7.50
BITUM ORANI (%) BITUM ORANI (%)
(a) (b)

Sekil 4. BBK ve BKK serilerine ait Dp - bitiim orani iligkisi (Relationship between Dp and
bitumen content for BBK (a) and BKK (b) series)

BBK karigimina ait Sekil 4.a’da, Dp degeri bitiim orani arttikga 6nce yiikselmekte, yaklasik %6.5
seviyesinde maksimuma ulastiktan sonra tekrar disilis gostermektedir. Bu durum, optimum bitiim
iceriginin agi1ldig1 noktadan itibaren karisima fazla bitiim eklendiginde yapinin yogunlugunun azaldigini,
dolayisiyla fazla baglayicinin karisimda bosluklart doldurmaktan ziyade ayrigmaya ve yapisal
zayiflamaya neden oldugunu gostermektedir. BKK serisine ait Sekil 4.b’de ise bitiim orani arttikga Dp
degerinin siirekli yilikseldigi ve yukar1 yonlii bir parabol olusturdugu gézlemlenmektedir. Bu durum,
artan bitlim miktarinin agrega bosluklarini daha iyi doldurarak karigimin yogunlugunu artirdigini ve
daha sik1 bir yap1 sagladigini gostermektedir. Genel olarak, BKK karigimi daha dogrusal ve siirekli artan
bir yogunluk egilimi gosterirken, BBK karigimi optimumdan sonra diisen egrisiyle bitiim doygunluk
noktasini daha belirgin sekilde ortaya koymaktadir. Sekil 5’te BBK ve BKK serilerinin Vh ile bitiim
orani iligkisi gosterilmistir.
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Sekil 5. BBK ve BKK serilerine ait Vh - bitiim orani iligkisi (Relationship between Vh and
bitumen content for BBK (a) and BKK (b) series)

BBK serisine ait Sekil 5.a’da, baglayici orani arttik¢a hava boslugu degerlerinin belirgin sekilde azaldigi
goriilmektedir. Bu diisiis, baglayicinin agrega iskeletindeki bosluklar: etkili bicimde doldurdugunu ve
karigimin daha kompakt bir yapiya kavustugunu gostermektedir. BKK serisinde de benzer bir egilim
izlenmektedir. Bitiim orani arttik¢a hava boslugu orani sistematik sekilde diismektedir. Bu diisiis, BKK
karigiminda da bitiimiin bosluklar1 doldurma kapasitesinin yiiksek oldugunu ve karigimin daha yogun
bir yapiya ulastigin1 géstermektedir. Sekil 6’da BBK ve BKK serilerinin VMA ile bitiim orani iliskisi

gosterilmistir.
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Sekil 6. BBK ve BKK serilerine ait VMA - bitiim orani iligkisi (Relationship between VMA and
bitumen content for BBK (a) and BKK (b) series)

BBK serisine ait Sekil 6.a’da, bitim orani arttikga VMA degerinde daha belirgin bir egilim
gozlemlenmektedir. Egri, yaklasik %6.3 civarinda minimum VMA degerine ulagsmakta, bu da karigimin
optimum bitlim igerigine yakin bir noktada en yogun halini aldigim1 gostermektedir. Bu durum,
agregalarm daha etkin bi¢imde baglayiciyla kaplandigin1 ve bosluklarin daha iyi dolduruldugunu ifade
etmektedir. BKK serisine ait Sekil 6.b’de ise VMA degerinin bitiim oranina bagl olarak daha siirl1 ve
yatay bir degisim gosterdigi goriilmektedir. Egrinin belirgin bir minimum veya maksimum nokta
icermemesi, BKK karisiminin agregalar arasi bosluk yapisinin bitiim oranindaki degisimlerden 6nemli
Olciide etkilenmedigini gostermektedir. Sekil 7’de BBK ve BKK serilerinin Vf ile bitiim orani iligkisi
gosterilmisgtir.
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Sekil 7. BBK ve BKK serilerine ait Vf - bitlim orani iligkisi (Relationship between Vf and
bitumen content for BBK (a) and BKK (b) series)

BBK serisine ait Sekil 7.a’da Vf degeri, bitlim orani arttik¢a diizenli bir sekilde yiikselmektedir. Bu artis,
artan baglayicinin agrega iskeleti i¢indeki bosluklari doldurma kapasitesinin oldukga yiiksek oldugunu
ve baglayiciin biiyiik oranda bosluklara niifuz ettigini géstermektedir. BKK serisinde de benzer bir
artig egilimi gézlemlenmektedir. Bu artig, baglayicinin bosluklari yiiksek oranda doldurdugunu ve
karigimin yogunlastigini géstermektedir. Sekil 7.a’nin daha kivrimli olmasi, BBK serisinin Vf agisindan
bitiim oranina daha hassas tepki verdigini gostermektedir.

Tiim bu veriler 151831nda BBK serisi i¢in OBM degeri %6.29; BKK serisi igin ise OBM degeri %6.31
olarak bulunmustur. Calismada OBM degerleri esas alinarak hazirlanan yeni BBK ve BKK
numunelerine ITS testi uygulanmis ve suyun neden oldugu kaplama bozulmasina karsi direngleri
belirlenmistir. ITS ve TSR degerleri Tablo 5’te verilmistir.

Tablo 5. BBK ve BKK numunelerinin ITS ve TSR sonuglar1 (ITS and TSR results of BBK

and BKK samples)
Kosullandirilmis-ITS  Kosullandirilmams-ITS TSR
(kPa) (kPa)
BBK 869.8 959 0.91
BKK 813.9 914.5 0.89

Yapilan dolayli ¢ekme dayanimi (ITS) ve ¢ekme dayanimi orami (TSR) testleri, BBK ve BKK
karigimlarimin - nem hasarina  karsi  gosterdigi direnci ortaya koymaktadir. BBK karigimu,
kosullandirilmamis (kuru) durumda 959 kPa, kosullandirilmis (1slak) durumda ise 869.8 kPa dayanim
gostermistir. Buna karsilik BKK karisiminin kuru ve 1slak kosullardaki ITS degerleri sirasiyla 914.5 kPa
ve 813.9 kPa olarak Ol¢lilmistiir. Her iki karisimda da nem etkisiyle bir miktar dayanim kaybi
yasanmakla birlikte, TMA karisimlari i¢in KTS de belirtilen minimum TSR sinir1 olan 0.80 degerinin
asildig1 gorilmektedir [4]. TSR degeri BBK i¢in 0.91, BKK ig¢in ise 0.89’dur. Bu sonuglara gére, BBK
karigimi hem kuru hem de 1slak kosullarda daha yiiksek mukavemet sergilemis ve suya maruz kaldiginda
daha az performans kaybi yagamistir. Dolayisiyla, her iki karigim da teknik acidan yeterli dayanimi
saglamakla birlikte, BBK karisimi nem hasarina karsi daha giivenilir ve dayanikli bir yap1 sunmaktadir.

4. Tartisma ve Sonuc (Discussion and Conclusion)

Bu calismada, TMA karnigimlarda kullanilan ince agrega tiirliniin karisim performansina etkisi
degerlendirilmis ve bu kapsamda BBK serisinde bazalt, BKK serisinde ise kirectasi ince agrega olarak
kullanilmistir. KTS’ye gore TMA karigimlarda OBM’nin en az %5.8 olmasi istenmektedir [4]. Bu
baglamda hem BBK hem de BKK serisi numunelere ait OBM degerleri sartname siirim saglamaktadir.
KTS’ye gore TMA kaplamalarda VMA degerinin en az %16 olmasi istenmektedir [4]. BBK ve BKK
serilerine ait VMA degerleri incelendiginde her iki serinin de sartname degerlerini sagladig
goriilmiistlir. Bununla birlikte, karisimlar arasindaki performans farki 6zellikle ITS ve TSR degerlerinde
belirginlesmistir.
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BBK karisim1 hem kuru hem de 1slak numunelerde BKK'ye gore daha yiiksek ITS degerleri vermis ve
0.91°1ik TSR degeri ile bitlim-agrega baginin nem etkisi altinda daha kararli oldugunu ortaya koymustur.
Buna karsin BKK karisimi 0.89 TSR degeri ile minimum sartname sinir1 olan 0.80'in iizerinde kalsa da
suya kars1 dayanim agisindan bazalt agregasi kullanilan karisimdan daha fazla performans kaybi
gostermistir.

Sonug olarak, TMA karisimlarda agrega tiirii performans iizerinde dogrudan etkili olmakta, bazalt
kullanilan BBK serisi, kiregtasi igeren BKK serisine kiyasla nem hasarina kars1 daha dayanikli bir yap1
sunmaktadir.
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ABSTRACT

With the impact of digitalization, innovative approaches have emerged in the field of education, making learning
processes more effective and engaging through gamification and digital games. Gamification aims to enhance
individuals' motivation and participation by using game design elements (points, badges, levels, leaderboards, etc.)
in non-game contexts. This approach is particularly important in disciplines with technical content, such as
computer engineering, to capture students' attention and increase interaction. This study aims to examine scientific
publications on gamification in computer engineering education using bibliometric analysis. A total of 343
publications indexed in the Web of Science (WoS) database between 2012 and 2025 were analyzed. The analysis
covers publication trends by year, most cited works, influential authors, institutions, journals, and keyword
clusters. This study reveals the intellectual structure of the field, identifies research trends, collaboration networks,
and potential gaps, aiming to guide future studies.

Keywords: Bibliometric Analysis, Computer Engineering, Educational Technology, Gamification.

BiLGiSAYAR MUHENDISLiGi EGITIMINDE OYUNLASTIRMA: KURESEL
ARASTIRMA EGILIMLERINE YONELIK BiBLIYOMETRIK BiR iNCELEME

0z

Dijitallesmenin etkisiyle egitim alaninda da yenilik¢i yaklasimlar 6ne ¢ikmakta, oyunlastirma ve dijital oyunlar
6grenme siireclerini daha etkili ve motive edici héle getirmektedir. Oyunlastirma, oyun dis1 baglamlarda oyun
tasarim Ogeleri (puan, rozet, seviye, liderlik tablosu vb.) kullanilarak bireylerin motivasyonunu ve katilimini
artirmayt hedeflemektedir. Bu yaklagim, 6zellikle teknik igerikli bilgisayar miihendisligi gibi disiplinlerde
ogrencilerin dikkatini ¢gekmek ve etkilesimi artirmak agisindan 6nemlidir. Bu ¢aligma, bilgisayar miithendisligi
egitiminde oyunlagtirma konusundaki bilimsel yaymlar1 bibliyometrik analiz yontemiyle incelemeyi
amaclamaktadir. Web of Science (WoS) veri tabaninda 2012-2025 yillar1 arasinda yayimlanmig 343 ¢aligma analiz
edilmistir. Analiz kapsaminda yillara gore yayin egilimleri, en ¢ok atif alan ¢alismalar, etkili yazarlar, kurumlar,
dergiler ve anahtar kelime kiimelenmeleri degerlendirilmistir. Bu ¢aligma, alanin entelektiiel yapisini ortaya
koyarak arastirma egilimlerini, is birligi aglarim1 ve potansiyel bosluklar1 tanimlamaktadir. Boylece, gelecek
caligmalara yon vermeyi amaglamaktadir.

Anahtar kelimeler: Bibliometrik naliz, Bilgisayar Miihendisligi, Egitim Teknolojisi, Oyunlastirma.
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1. Introduction

The rapid advancement of technology and the pervasive influence of digitalization in all areas of life
have led to profound transformations in the field of education. Alongside traditional teaching methods,
innovative approaches that render learning processes more effective, motivating, and interactive have
come to the forefront. In this context, gamification and digital games have emerged as prominent
pedagogical tools, particularly aligned with the learning dynamics of the digital age.

Gamification is defined as the use of game design elements in non-game contexts to motivate
individuals, enhance engagement, and encourage problem-solving [1, 2]. Initially adopted in the digital
media industry, the concept has rapidly expanded into various domains since 2010, including healthcare
[3], human resources [4], marketing [5], environmental protection [6], and most notably, education [7].

The dynamics of the digital age have transformed educational environments, necessitating the adoption
of innovative methods capable of capturing learners’ attention. In the educational context, gamification
is an innovative approach that involves the integration of game design elements—such as points, badges,
level progression, and leaderboards—into learning environments to enhance learner motivation and
engagement [8-10]. Kalogiannakis et al. [10], through an analysis of 24 studies published between 2012
and 2020, highlighted the positive effects of gamification on learning outcomes, social interaction, and
motivation.

Traditional instructional methods, particularly in computer engineering courses that involve technical
and abstract content, often fall short in ensuring sufficient interaction and motivation, leading to a search
for new pedagogical approaches [9]. As such, the gamification of educational content has become
especially important in disciplines such as computer engineering, which are heavily focused on technical
and abstract concepts [11]. Courses such as algorithms, programming, software testing, and data
structures are often perceived by students as complex and demotivating. Therefore, gamification in
computer engineering education is considered an effective pedagogical tool for increasing motivation,
supporting experiential learning, and fostering critical thinking and problem-solving skills [11-13].

Although various studies have examined the effects of gamification in computer engineering education,
these studies have predominantly focused on pedagogical outcomes or practical implementations [10,
13]. However, there is a notable lack of studies that systematically analyze the gamification literature
through bibliometric criteria such as publication trends, author network relationships, citation analyses,
and thematic intensities. This gap hinders the structural mapping of the knowledge base and the
generation of guiding insights for future research.

In this context, the aim of the present study is to systematically examine gamification-based research in
computer engineering education by uncovering the intellectual structure, thematic development,
collaborative networks, and citation hotspots within the field. Accordingly, this study seeks not only to
describe the current state of the literature but also to provide guidance for future academic inquiries. In
line with these objectives, the following research questions will be addressed:

1. What is the annual distribution of publications on gamification in computer engineering
education?

2.  Which studies on gamification in the context of computer engineering have received the highest
number of citations, and what is their intellectual impact within the literature?

3. Who are the most prolific authors in the field of gamification in computer engineering
education, and what is the level of their citation impact?

4. Which institutions have published the highest number of studies on this theme?

5. Which academic journals publish the most research on gamification in computer engineering
education?

6. Based on keyword frequencies and word cloud analysis, which conceptual trends and thematic
clusters stand out in the gamification literature?

7. During which periods has research on gamification in computer engineering education become
more prominent?
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2. Methodology

In this study, the quantitative research method of bibliometric analysis was employed to identify the
publications and research trends related to the concept of gamification in computer engineering
education. The bibliometric method is particularly suitable for evaluating the number and significance
of empirical contributions in a given field, identifying similarities and differences within the literature,
and constructing a research map [14]. In the study, descriptive bibliometrics was used to measure the
productivity of the identified publications, while evaluative bibliometrics was utilized to assess the use
of literature.

Bibliometric analysis is a method that reveals the relationships among publications and different authors.
This approach allows researchers to base their work on the bibliographic contributions of other scholars
and to express their ideas through writing and collaboration. When such data are collected and analyzed,
insights into social networks, current areas of interest, and the structural characteristics of the field can
be obtained [15]. The bibliometric method can be both descriptive and evaluative in nature. Common
data sources are widely used in most bibliometric analyses. While Web of Science (WoS) and Scopus
databases are widely preferred in bibliometric analyses [16], the results of bibliometric analyses may
vary depending on the database used [17]. WoS and Scopus handle bibliographic metadata differently.
WosS processes and reformats references to include details such as first author, year, journal, issue, and
DOI. Whereas Scopus retains all APA-style citations provided by authors [ 14]. This means that although
the tools have been perfected, limitations still prevent some analyses from being performed by merging
WoS and Scopus data [18]. Therefore, considering the problems related to the merging of the data
presented in different cell formats and the ease of classification of information retrieved from WoS in a
research database, in this study, bibliometric data in WoS (including all indexes) core collection were
included in the review. Another reason to choose WoS over SCOPUS was that WoS is a collection of
databases that index the world's most authoritative scholarly literature in the social sciences, arts, and
humanities [19].

Table 1. The dataset

Main Information About Data

Timespan 2012-2025
Sources (Journals, Books, etc.) 178
Documents 343
Annual Growth Rate % 24,9
Document Average Age 4,13
Average citations per doc 27,62
References 15989

Document Contents

Keywords Plus (ID) 523
Author's Keywords (DE) 1243
Authors

Authors 1276

Authors of single-authored docs 33

Authors Collaboration

Single-authored docs 33
Co-Authors per Doc 3,93

International co-authorships % 21,87

Document Types

article 343
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2.1. Creating Dataset

Articles related to gamification in computer engineering education were examined by accessing the Web
of Science (WoS) Core Collection databases. Following a comprehensive literature review on
publications in this field, relevant keywords were identified, and the final search query was formulated
through consultations with experts in bibliometric research. The information about the dataset is
presented in Table 1.

Table 1 above shows general information about 343 studies obtained with the topic Gamification In
Computer Engineering Education. Within the scope of WoS, studies between 2012 and 2025 were
analyzed. These studies have an average citation rate of 27,62 per publication. We understand that the
number of single-author studies, n=33, is significantly lower than the total number of studies.

In this study, bibliometric analyses were conducted using biblioshiny, a web-based application built on
the R package bibliometrix (Aria & Cuccurullo, 2017). Biblioshiny is a shiny app that provides an
interactive graphical interface for performing bibliometric analysis, facilitating user-friendly and
comprehensive exploration of bibliographic data.

2.2.Planning, Selection, Extraction and Execution Process in Bibliometric Analysis

This section covers the planning, selection, data extraction, and implementation stages of the analysis
process. During the inclusion/exclusion phase, as illustrated in Figure 1, the articles retrieved through
the search query were assessed according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) standards.

5 Records downloaded an initial search from Wos
] ( «Gamification» and «Computer Education»
£ topic search only) n=738
c

Records Excluded:
& Document Types
= Records (Proceeding Paper;Review
d screened |:> Arcticle; Book Chapters
S (n=738) Editorial material;

Meeating Abstract; Data
Paper;Eary Access)n=395
.§. l
i
&
w
Article assessed (n=343)

-]
()
E
E’ n= 343 reports used for biblioshinig

Figure 1. PRISMA flow chart of the article screening process

In the first stage, the selection of internationally recognized scientific databases was carried out during
the planning phase. The Web of Science (WoS) database was chosen for this study due to its broad
indexing of scientific journals and its distinction from other databases. The second stage involved the
identification of keywords related to the research topic or question. This stage is a cornerstone of any
successful bibliometric study. The search query was limited to articles containing the terms "computer
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education" and "gamification" in the topic field. As for document type, only journal articles were
selected. In the third stage, inclusion criteria were applied. No time restrictions were imposed in order
to include the most recent and relevant studies. Only peer-reviewed articles were included in the
analysis, as they undergo rigorous review processes and meet established quality standards. In the fourth
and final stage, the analysis process was carried out based on the records of 343 potentially relevant
studies. At this point, a detailed evaluation was conducted to determine whether these studies were truly
related to the topic of interest. Ultimately, 343 studies were thoroughly analyzed.

3. Research Findings

This section first presents the publication outputs related to gamification in computer engineering
education, followed by an analysis of the sources, the most prolific researchers in the field, the most
relevant institutions, and the most highly cited publications. Additionally, co-citation analysis of the
articles, examination of the source journals, keyword trends, and the evolution of publications and
citations are explored to reveal overall research trends.

3.1. Annual Number of Publications

As part of the annual literature output, the average yearly number of publications related to the keyword
gamification in computer engineering education indexed in the Web of Science (WoS) is presented in
Figure 2.

—#—Articles

60
50
40
30
20
10
0
2010 2012 2014 2016 2018 2020 2022 2024 2026

YEARS

ARTICLES

Figure 2. Average annual number of publications

The annual distribution of the articles examined within the scope of the bibliometric analysis is presented
in Table 2. Between 2012 and 2015, the number of publications on gamification in computer engineering
education remained quite limited, with only 1 to 3 articles published per year during this period. From
2016 onwards, a steady increase in publication output was observed, with a notable surge in 2018,
reaching 27 articles. The most significant rise occurred in 2021, when the number of publications peaked
at 54, marking the highest point in the literature.

In the following two years, 2022 and 2023, 50 and 42 articles were published, respectively. In 2024, the
number increased again to 49. However, in 2025, a sharp decline was observed, with the publication
count dropping to 18. This drop may be attributed to the fact that data for 2025 were collected before
the year had concluded.

This trend indicates that academic interest in gamification-related studies has significantly increased,
particularly after 2018, highlighting gamification as an emerging research theme in the field. At the
same time, sudden declines in publication counts may not only reflect limitations in data coverage but
also suggest temporary saturation or shifts in research focus within the academic community.
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3.2. Most Globally Cited Publications

Citations to studies can be analyzed using bibliometric methods at both local and global levels [14].
When examining publications related to gamification in computer engineering education, Figure 3
presents the ten most globally cited studies on gamification in computer engineering education

Most Global Cited Documents

SEABORM K, 2015, INT J HUM-COMPUT STUD .—

DOMINGUEZ A, 2013, COMPUT EDUC .

HAMARI J. 2016, COMPUT HUM BEHAN .

IBANEZ MEB, 2014, IEEE TRAMS LEARN TECHNOL —_—

=
T FLEMINMG TH, 2017, FRONT PSYCHIATRY —_——E
g
£
ATTALL Y. 2015, COMPUT EDUG _—
CHRISTY KR, 2014, COMPUT EDUC e
HEW KF_ 2016, COMPUT EDUC <1
SILIC M, 2020 J MANAGE INFORM SYST B @
RACHELS JR, 2018, COMPUT ASSIST LANG LEARN B
o 400 a00 1200

Global Gitations

Figure 3. Top ten most globally cited publications

As shown in Figure 3, the most cited publications on gamification in the context of computer engineering
education represent the foundational and influential works in the literature. The most highly cited
document is the conceptual review by Seaborn et al. [8], which has received a total of 1,254 citations.
This study provides a comprehensive conceptual framework for understanding gamification and has had
a significant impact on subsequent literature.

The second most cited work is an experimental study by Dominguez et al. [20], published in Computers
& Education, with 980 citations. This article is notable for empirically demonstrating the effects of
gamification on learning outcomes. The third most cited publication is by Hamari et al. [21], published
in Computers in Human Behavior, which received 940 citations. This study offers systematic findings
on the effects of gamification on user behavior and is frequently cited in both educational and digital
media research.

The remaining publications on the list generally contribute to the fields of educational technology,
computer-assisted learning, and cognitive sciences. Noteworthy contributions include studies by
Banerjee et al. [22], Fleming et al. [23], and Attali et al. [24], among others. These documents, due to
their high citation counts and publication across various disciplines, reflect the interdisciplinary nature
of research on gamification.

This analysis reveals that the most influential studies on gamification were predominantly published
between 2013 and 2015, a period during which the theoretical and empirical foundations of the field
were solidified. These publications continue to serve as key citation hubs and knowledge clusters for
researchers in this domain.
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3.3. Analysis of the Source Journals

Journals that have published articles on gamification in computer engineering education were examined,
and based on the number of publications, the top ten sources are presented below.

HELIYON
BRITISH JOURNAL OF EDUCATIONAL...

Y

JMIR SERIOUS GAMES

INFORMATION TECHNOLOGIES AND...

ELECTRONIC JOURNAL OF E-LEARNING

Lo

INFORMATION 6

EDUCATION SCIENCES 7

EDUCATION AND INFORMATION... 8

12
COMPUTERS \& EDUCATION 12

13
COMPUTER APPLICATIONS IN ENGINEERING... 14

5 10 15

(=]

Figure 4. Top ten journals publishing gamification-themed articles (by subject area)

As shown in Figure 4, the journals that most frequently publish articles on gamification in computer
engineering education are identified. Among them, Computer Applications in Engineering Education
stands out as the leading source, hosting 14 publications. It is followed by Computers & Education with
13 articles, and both Education and Information Technologies and Education Sciences with 8 articles
each.

This distribution indicates that research on gamification is concentrated in journals that focus both on
engineering education and on educational technology, reflecting the interdisciplinary nature of the field.

Core Sources by Bradford's Law
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Figure 5. Core journals according to Bradford’s Law Analysis
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As shown in Figure 5, the distribution is based on Bradford’s Law, which is used in bibliometric analysis
to identify the core journals within a research field. According to Bradford’s Law, publications are
divided into three zones based on their impact, with the first zone representing the "core sources." In
this analysis, the journals located within the grey-shaded core zone are those with the highest scientific
productivity.

Within this zone, journals such as Computer Applications in Engineering Education, Sustainability,
Computers & Education, IEEE Access, and Education and Information Technologies have been
identified as playing a central role in the knowledge production related to gamification.

When Figure 4 and Figure 5 are considered together, it becomes evident that research on gamification
is concentrated across three main axes: engineering education, educational technologies, and
multidisciplinary domains such as sustainability and information systems. This pattern highlights the
interdisciplinary nature of the field and demonstrates how the topic of gamification in computer
engineering education evolves through interaction with multiple knowledge domains.

Moreover, the inclusion of SSCI-indexed journals within this core cluster further strengthens the
academic depth and visibility of the field in the broader scholarly literature.

3.4. Prolific Authors
As shown in Figure 6, based on Web of Science (WoS) data, the most prolific authors in the field of

gamification in computer engineering education were analyzed.
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Figure 6. Most prolific authors in the field

According to the data presented in Figure 6, the most prolific authors in the domain of gamification in
the context of computer engineering include Hamari J., Cubillos C., Mellado R., Hijon-Neira R., and
Lopez-Fernandez D. The figure visualizes not only the number of publications but also the annual
citation impact of each author’s work. The size of the dots represents the total citations per year
(TCl/year) of the authors’ publications.

Among these, Hamari J. stands out as the most influential and productive scholar, demonstrating
consistent publication activity since 2016, along with the highest average annual citation rate (indicated
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by the largest dot). His work has laid the theoretical foundations of gamification and significantly
influenced its application in educational technologies.

Cubillos C. and Mellado R. have emerged as highly productive authors in the recent period (2023—
2024); however, their citation impact is currently lower than Hamari’s, likely due to the recency of their
publications. Authors such as Hijon-Neira R., Lorenzo-Alvarez R., Sendra-Portero F., and Rudolph-
Solero T. exhibit a more stable, moderate level of productivity and citation impact.

This analysis reveals that academic output on gamification tends to cluster around certain key authors,
who play a central role in shaping the field. Moreover, the continuity of scholarly production over time
reflects the dynamic nature of the topic and the sustainability of academic interest. In particular, the
works of highly cited authors serve as foundational references for future research by establishing the
theoretical groundwork of the field.

Author Productivity through Lotka's Law

% of Authors

T
&

[+
Docurments written

Figure 7. Author distribution according to Lotka’s Law

Figure 7 illustrates the distribution of author productivity within the literature on gamification in
computer engineering education, analyzed through the framework of Lotka’s Law. According to Lotka’s
principle, the majority of authors in a scientific field produce only one publication, while a much smaller
number are responsible for multiple publications. This distribution is commonly referred to in
bibliometric literature as an inverse proportional productivity model.

In the graph, the solid line represents the observed distribution, while the dashed line indicates the
theoretical distribution predicted by Lotka [25]. As seen in the analysis, approximately 80% of authors
in the examined literature have published only one article. This indicates that the field includes a large
number of one-time contributors, whereas the number of authors with continuous and high productivity
remains quite limited. The proportion of authors with two or more publications falls below 20%.

This finding supports the earlier “Authors’ Production over Time” analysis, which identified a few key
authors—such as Hamari, Cubillos, and Mellado—as consistently productive, while most others have
contributed only once. The Lotka distribution makes this structure more systematically visible.

This pattern suggests that the field is still in a developmental stage, with scholarly output concentrated
around a limited number of authors. At the same time, it points to an expanding research landscape
through the involvement of new scholars. To ensure sustainable knowledge production and to enhance
the field’s theoretical depth, greater co-authorship, interdisciplinary collaboration, and theme-focused
research should be encouraged.
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3.5. Most Relevant Institutions

In terms of research on gamification in computer engineering education, the institutions with the highest
number of publications indexed in the Web of Science (WoS) database were identified. The results are
presented in Figure 8.
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Figure 8. Top Institutions Publishing on Gamification in the Computer Engineering Education

Figure 8 visualizes the institutions that have made the most significant contributions to publications on
gamification in computer engineering education. The institution with the highest contribution is
Universidad Politécnica de Madrid (Spain), with 15 publications. This institution’s leadership in the
field of gamification underscores Spain’s global influence in educational technology research. In second
place is Universidad de Malaga (Spain), which has demonstrated notable productivity with 11
publications. The prominence of these two institutions highlights the significant role of Spain-based
research networks and grant-supported projects in advancing gamification studies. They are followed
by Masaryk University (Czech Republic, 10 publications) and, with nine publications each, Jilin
University (China), Pontificia Universidad Catolica de Valparaiso (Chile), Sichuan University (China),
Universidad Politécnica de Valencia (Spain), Universidad Rey Juan Carlos (Spain), and Universidad de
Cordoba (Spain). The presence of four different universities from Spain among the top ten further
illustrates the country’s strong interdisciplinary and international contributions to the field. Tabriz
University of Medical Sciences (Iran) appears on the list with 7 publications, as the only medical
university represented. This indicates that gamification is not limited to engineering and education
domains but is also finding applications in diverse fields such as health education.

This analysis reveals that institutions from Spain, China, and Latin America are particularly prominent
in the global gamification research landscape. Moreover, it demonstrates that Europe and Asia are strong
actors in the race for leadership in this field. The concentration of institutional activity in specific
countries also suggests a fertile ground for international collaboration.

3.6. Word Cloud Generated from Studies

Keywords often provide the first insight into the concepts and focus of a research study. Therefore, word
cloud analysis holds an important place in bibliometric research. This method counts the frequency of
keywords used within a body of literature, highlights the most frequently occurring terms, and generates
a visual representation in the form of a word cloud [26].

Visually, the largest word in the center of the cloud typically represents the most frequently used
keyword across the analyzed studies. Accordingly, Figure 5 illustrates the size and frequency of
appearance of words or word phrases related to the theme of gamification in computer engineering
education, using varying colors to distinguish different frequency levels.
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Figure 9. Word cloud of gamification-themed publications

According to the analysis results presented in Figure 9 and Figure 10, the most frequently emphasized
key concepts in gamification-themed publications in computer engineering education have been
identified. Among the most commonly used keywords are “computer science” and “game-based
learning”, each appearing 16 times. This indicates that the studies predominantly focus on the
application of gamification strategies within ICT-related disciplines, particularly in the field of computer

science.
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Figure 10. Keyword Frequency Table for Gamification-Themed Publications

Among the high-frequency terms following these top keywords are “computer programming” (11
occurrences) and “engineering education” (9 occurrences). This suggests that gamification is positioned
not only as a pedagogical approach, but also as a didactic tool that effectively supports the teaching of
programmlng and technical content. Additionally, terms such as “gamified learnlng” “online learning”,

“virtual reality”, “learning environment”, and “bibliometric analysis”, each appearing 7—8 times, reflect
a strong focus on technological integration and learning environment design as core themes in the
literature. Mid-frequency terms (5-6 occurrences), including “educational game”, “active learning”,
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“computational thinking”, “collaborative learning”, and “learning outcomes”, point to a learner-centered
perspective, with emphasis on the cognitive and interactive benefits of gamification. This suggests that
gamification is closely associated not only with pedagogical advantages but also with cognitive and
social development. Less frequent but thematically important keywords—such as “achievement
badges”, “gamification framework”, “academic performance”, “medical students”, and ‘“chemical
design”—demonstrate the breadth of the field. These terms reflect connections to both application
contexts and assessment methodologies, indicating that gamification is an interdisciplinary approach
applied not only in computer engineering but also in medicine, chemistry, and general science education.

Overall, the keyword distribution reveals that gamification research is clustered around themes such as
the teaching of technical content, the design of digital learning environments, and the transformation of
learner behaviors. This demonstrates the theoretical and practical potential of gamification in both
educational technology and engineering education literature.

3.7. Research Trends
Using bibliometric analysis, it is possible to identify research trends based on authorship, citations,
journals, and subtopics, and to monitor the evolution of scholarly interest (Secinaro et al., 2020).

Accordingly, the trridetyoends in gamification-themed studies in computer engineering education are
illustrated in Figure 11.
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Figure 11. Trend Analysis: Temporal distribution of keywords (2017-2024)

Figure 11 presents a trend analysis showing the emergence and prominence of thematic keywords in
publications on gamification in computer engineering education from 2017 to 2024. The size of each
term represents its frequency of occurrence in the literature.

Early Period Themes (2017-2019):

EE T

e During this phase, dominant keywords included “meta-analysis”, “experiences”, “behavior”,
“game”, and “computer games.”

e These findings suggest that early studies on gamification primarily focused on theoretical
evaluations, learning experiences, and the behavioral impact of games.

e The literature also explored how gamification tools relate to game-based pedagogical models.

Period of Intensification and Pedagogical Focus (2020-2022):
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o After 2020, the most frequent keywords in the visualization were “gamification”, “education”,
“motivation”, and “students.”

o This reflects the surge in interest in digital education during the COVID-19 pandemic, where
gamification was increasingly discussed in relation to enhancing student engagement, fostering
motivation, and facilitating interaction in remote learning environments.

e Pedagogically oriented, applied research appears to have become more prominent during this
period.

Emerging Themes (2023-2024).

e In 2023 and beyond, keywords such as “skills”, “internet”, and “mathematics” have gained
visibility.

o This shift indicates that gamification is expanding into skills-based education (particularly
digital skills), internet-supported learning environments, and interdisciplinary applications,
especially in mathematics education.

e The increasing integration of gamification into STEM education and sustainable digital
pedagogies is also suggested.

The time-series trend reveals a developmental trajectory: beginning with theoretical and experiential
focuses, moving toward pedagogical applicability, and finally diversifying into skill development and
digital learning integration. Keywords such as “motivation,” “education,” and “students” remain central

to the discourse, while newer themes like “mathematics,” “internet,” and “skills” show strong potential
for shaping future research directions in this domain.

4. Results and Discussion

This study employed a bibliometric approach to examine the international literature on gamification in
computer engineering education, aiming to uncover the structural characteristics, research trends,
thematic focuses, and intellectual production centers of the field. Based on data from the Web of Science
database, a total of 343 articles were analyzed, and the implementation of gamification in engineering
education was evaluated through a multidimensional lens.

The findings reveal that gamification has gained significant academic momentum, particularly after
2018, with the number of publications peaking in 2021. This surge appears to be closely related to the
increased interest in digital learning environments during the COVID-19 pandemic [28]. The fact that
the most cited studies were published between 2013 and 2015 suggests that the theoretical foundations
of the field were laid during this period and have guided subsequent research.

Prominent authors such as Hamari, Cubillos, Mellado, and Hijon-Neira were found to exhibit high levels
of productivity and scholarly impact. However, in line with Lotka’s Law, the vast majority of authors
have contributed with only a single publication, indicating that the field is still in a developmental stage.
This highlights the need to support consistently productive research groups and foster interdisciplinary
collaborations.

Journal analysis results show that studies on gamification are most frequently published in journals such
as Computer Applications in Engineering Education, Sustainability, and Computers & Education, which
focus on both engineering and educational technologies. According to Bradford’s Law, these journals
constitute the core knowledge sources of the field and play a central role in the dissemination of research
on gamification.

According to keyword and thematic analyses, terms such as “game-based learning”, “computer science”,
“engineering education”, and “virtual reality” are among the most frequently repeated and form the
thematic core of the literature. Time-series analysis indicates that from 2017 to 2019, research on
gamification primarily focused on theoretical and behavioral themes, while the post-2020 period saw a
shift towards pedagogical applications, student motivation, and content integrated with digital
environments. These findings are supported by previous studies [29, 30].
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In light of these results, there is a clear need for more in-depth qualitative analyses, interdisciplinary
collaborations, and application-oriented research in the field of gamification. Future studies are
encouraged to move beyond the mere use of game elements and instead focus on models that holistically
address learners’ cognitive, affective, and social development. Additionally, further exploration into
sustainable digital pedagogies, the role of gamification in online learning environments, and the use of
learning analytics is recommended.

Overall, this study provides researchers with a structural roadmap and increases the visibility of
knowledge clusters within the literature, firmly establishing gamification in computer engineering
education as a growing and dynamic field of inquiry. Moreover, this study identifies emerging themes
such as interdisciplinary applications and digital skill development.
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