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Makine Ogrenmesi Yaklasimlariyla Iklim Degisikliginin Hidroelektrik
Uretim Uzerindeki Etkisinin Modellenmesi: Ceyhan Havzas1 Menzelet
Baraj1 Ornegi

zgi OZTURK ISPIR4, Serife Yurdagiil KUMCU? , H. Erding KOCER

" Necmettin Erbakan Universitesi, Miihendislik-Mimarlk Fakiiltesi, Konya, 42140, Tiirkiye
b Sel¢uk Universitesi, Teknoloji Fakiiltesi, Konya, 42130, Tiirkive

MAKALE BILGISI OZET
Almma: 14.06.2025 Bu ¢aligmanin temel amaci, iklimsel ve hidrolojik degiskenliklerin hidroelektrik enerji tiretimi
Kabul: 02.07.2025 iizerindeki etkisini modellemek ve gelecekteki su-enerji yonetimi senaryolari i¢in bilimsel altyapi

sunmaktir. Ayn1 zamanda, makine Ogrenmesi yaklasimlarinin enerji tahmin modellerinde

uygulanabilirligini test etmek ve bolgesel Olgekte karar vericilere yol gosterici bir analiz

Anahtar Kelimeler: saglamaktir. Bu amagla, 1999-2020 yillarina ait giinliik hidro-meteorolojik gozlem verileri (yagis,
Makine 6grenmesi sicaklik, buharlagma) iizerinde, makine dgrenmesi model yaklasimi kullanilarak hidroelektrik
Iklin}.model_le.ri enerji iiretimi tahminlemesi yapilmistir. Modelleme siirecinde tahminleme i¢in Random Forest,
Enerji tahmini Decision Tree, Gradient Boosting ve Support Vector Regression algoritmalari kullanilmis; her bir

model GridSearchCV yontemiyle hiperparametre optimizasyonuna tabi tutulmustur. Model
basarisi, R?2, MAE ve MSE gibi hata metrikleri ile karsilagtirilmis ve en yiiksek basar1 gosteren
z&ii:tf@selcuk edu.tr algoritma belirlenmistir. Belirlenen en iyi yaklagim kullanilarak, HadGEM2-ES, GFDL-ESM2M
R ve MPI-ESM-MR iklim modellerinden elde edilen 2023-2098 donemi projeksiyon verileri (RCP
45 ve RCP 8.5 senaryolart altinda) ile gelecege yonelik enerji iiretimi tahminleri
gerceklestirilmistir. Caligma, iklim degisikliginin hidroelektrik enerji potansiyeli iizerindeki

etkilerini degerlendirmek agisindan literatiire 6nemli katk: sunacaktir.

“Sorumlu Yazar

DOI: 10.59940/jismar.1719556

Modeling the Impact of Climate Change on Hydroelectric Production
Using Machine Learning Approaches: The Case of Menzelet Dam in the
Ceyhan Basin

ARTICLE INFO ABSTRACT

Received: 14.06.2025 The main objective of this study is to model the effects of climatic and hydrological variability on
Accepted: 02.07.2025 hydroelectric energy production and to provide a scientific basis for future water-energy

management scenarios. At the same time, to test the applicability of machine learning approaches
in energy estimation models and to provide a guiding analysis for decision makers at the regional

IA%Z?;ZSL. earning scale. For this purpose, hydroelectric energy production estimation was performed on daily hydro-
Climate Models meteorological observation data (precipitation, temperature, evaporation) for the years 1999-2020
Energy Forecasting using machine learning model approach. Random Forest, Decision Tree, Gradient Boosting and

Support Vector Regression algorithms were used for estimation in the modeling process; each
*Coriflesﬁonding Authors model was subjected to hyperparameter optimization with the GridSearchCV method. Model
€-mail:

success was compared with error metrics such as R?, MAE and MSE and the highest success
algorithm was determined. Using the best approach determined, future energy production
estimates were carried out with the projection data obtained from HadGEM2-ES, GFDL-ESM2M
and MPI-ESM-MR climate models for the period 2023-2098 (under RCP 4.5 and RCP 8.5
scenarios). The study will make a significant contribution to literature in terms of evaluating the
effects of climate change on hydroelectric energy potential.

ekocer@selcuk.edu.tr
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1. INTRODUCTION

The impact of climate change on global water
resources has become a significant area of research at
both scientific and administrative levels due to recent
alterations in the hydrological cycle [1]. Hydropower
plants, in particular—relying on water-based energy
production—are directly affected by climate variables
such as precipitation regime, temperature,
evaporation, and streamflow fluctuations [2-3]. One
of Turkey's major river systems, the Ceyhan River,
holds strategic importance for both agricultural
irrigation and energy production due to a series of
dams located along its course [4]. This study focuses
on the Menzelet Dam situated within the Ceyhan
Basin and applies machine learning algorithms to
historical meteorological and hydrological data for
hydroelectric energy production forecasting. The
research aims to investigate the influence of climate
change on energy potential while contributing to
regional water management strategies.

Global climate change has profound impacts on

various  sectors, including water resources
management, energy security, and ecosystem
sustainability.  These effects are especially

pronounced in sectors dependent on water resources
[1]. Rising temperatures, shifts in precipitation
patterns, increases in evaporation, and irregularities in
streamflow complicate both short-term planning and
long-term strategic decision-making in hydroelectric
energy production [2-3]. As a result, it has become
essential to reassess hydroelectric potential both
spatially and temporally, and to integrate advanced
modeling techniques into this field.

Turkey is in a semi-arid climatic region and is
therefore considered vulnerable to climate change. A
significant portion of electricity generation in Turkey
still relies on hydropower plants, which are directly
influenced by natural climatic variability [5]. Rivers
such as the Ceyhan River, which possess high energy
potential, play a critical role in meeting agricultural
and energy needs through dam systems. The
Menzelet, Sir, Berke, and Aslantas Dams, located
consecutively along the Ceyhan Basin, exemplify an
integrated water-energy management system that
requires comprehensive modeling for optimization
[4].

This study aims to forecast hydroelectric energy
production  potential  using  daily-resolution
meteorological (temperature, precipitation,
evaporation) and hydrological (inflow volume,
discharge) data from the Menzelet Dam in the Ceyhan
Basin, applying various machine learning algorithms.
Long-term datasets obtained from the Turkish State
Meteorological Service (MGM), State Hydraulic
Works (DSI), and Turkish Electricity Transmission
Corporation (TEIAS) were used for data

preprocessing, missing data handling, feature
engineering, and model validation. Prediction models
were developed using Random Forest, Gradient
Boosting, Decision Tree, and Support Vector
Regression (SVR), and were evaluated comparatively
based on error metrics including R%, MAE, and NSE.
By modeling how climatic and hydrological
variability affects hydroelectric production, this study
aims to establish a scientific basis for future water-
energy management strategies. It also tests the
effectiveness of machine learning methods in energy
forecasting models, offering a comprehensive analysis
to guide regional decision-makers.

A review of similar studies reveals that artificial
neural networks, regression models, and statistical
approaches are widely used in energy production
forecasting. For example, [6] used a multiple linear
regression model to estimate energy production for the
Keban Dam in Turkey, while [7] achieved high
accuracy in hydrological predictions using artificial
neural networks in the Euphrates Basin Additionally,
[8] used the SVR algorithm for hydroelectric plants in
Pakistan to model the impact of climate variables on
energy production, highlighting the strong predictive
power of the approach. These studies indicate that
machine learning-based forecasting models offer
significant advantages in the face of increasing data
complexity and multivariate environmental factors.
In this context, the contribution of this study lies in
developing energy forecasting models supported by
multiple climatic and hydrological variables in a
region where consecutive dam structures exist along
the Ceyhan River and where complex hydro-
meteorological interactions are present. By comparing
the developed models with similar examples in
literature, the study provides a region-specific
approach. Furthermore, it serves as a robust example
for local authorities and planners in developing data-
driven decision support systems.

2. MATERIAL AND METHODS
2.1. Study Area and Dataset

This study focuses on the Menzelet Dam, one of the
key hydroelectric production sites in Tiirkiye, located
sequentially along the Ceyhan Basin. The Aslantas,
Berke, Sir, and Menzelet dams situated on the Ceyhan
River play a critical role in meeting both the
agricultural water demands and the energy production
needs of the region.

To estimate the hydroelectric energy production
potential, daily-resolution datasets which obtained
from MGM, DSI and TEIAS as mentioned before,
covering the period 1999-2020 were utilized. Raw
datasets were preprocessed to address missing values
and ensure data quality. Missing observations were
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handled using Python programming tools (pandas,
numpy) through interpolation and forward/backward
filling techniques [22,23]. Outliers were identified and
removed to ensure consistency, and the data were
normalized to improve the statistical reliability of the
prediction models. Using these cleaned datasets,
machine learning-based models were employed to
forecast forward-looking hydroelectric  energy
production specific to the Menzelet Dam.

The study area is strategically located in the southern
part of Tiirkiye, within the Ceyhan Basin, which hosts
a series of major dam systems along the Ceyhan River,
including the Menzelet Dam. The spatial layout of the
Aslantas, Berke, Sir, and Menzelet Dams along the
river is illustrated in Figure 1. These dams are
operated for both irrigation and hydropower
generation and directly influence the flow regime and
water resource management of the river. Arranged in
a cascade structure from upstream to downstream, the
dams are positioned in the following order: Menzelet
— Sir — Berke — Aslantas.

Y Berke’Dam- b

£ y @,

Lt o 13 gy
%_—‘ A§Ian8;0‘5ﬁl. f A

W

Figure 1. Location of the Menzelet, Sir, Berke, and
Aslantas Dams on the Ceyhan Basin

The elevation differences between dams, in addition
to their geographic locations, are critical factors that
determine hydroelectric energy production potential.
The longitudinal profile of the Ceyhan River,
including the heights and spatial positions of the dams,
is presented in Figure 2.

The cross-sectional diagram clearly illustrates the net
head differences between the dams and highlights the
advantageous position of the Menzelet Dam, located
at an elevation of 609 meters, in terms of energy
production efficiency. These elevation differences
have been considered one of the key parameters in
energy generation calculations. The technical
specifications of the Menzelet Dam and its
hydroelectric power plant (HEPP) are provided in
Table 1.

Longitudinal Profile of the Dams
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800

600

Elevation (m)

400

200

R
Kl N & it R
S & )

& N O
@ 4 r‘\q &

Dam Names

Figure 2. Longitudinal Profile of the Ceyhan River

Table 1. Technical Specifications of the Menzelet
Dam and Hydroelectric Power Plant

Dam name Menzelet
Province Kahramanmarag
River Ceyhan
Min.Operating level 560.2 meter
Max.Operating level 609.4 meter

533.900.000 m’
1.974.500.000 m*
1.440.600.000 m*
124 Mwe

482 Gwh

Water volume (Min. level)

Water volume (Max. level)
Water used for electricity

Installed capacity

Annual electricity generation

2.2. Trend Analysis

In the initial phase of the study, trends in the annual
and seasonal mean streamflow data for the period
1999-2020 were evaluated. The Mann-Kendall (MK)
test was employed to statistically assess the presence
of monotonic increasing or decreasing trends over
time, while the Sen’s Slope estimator was used to
quantify the direction and magnitude of these trends.
Additionally, to avoid overlooking the influence of
seasonal patterns, the Seasonal Mann-Kendall (SMK)
test was applied. Together, these methods were used
to detect climatic shifts in the time series data. The
MK, SMK, and Sen’s Slope methods are all non-
parametric statistical techniques that do not require
any prior assumptions about the underlying data
distribution [9, 10, 11].
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These combined approaches allowed for a
comprehensive evaluation of hydrological changes by
capturing both long-term and seasonal variations in
flow behavior.

2.2.1 Mann-Kendall Test

The Mann-Kendall (MK) method is a non-parametric
technique frequently used for trend analysis in time
series data. It has been widely applied in the field of
meteorology and was originally developed by [10]
and further refined by [9]. One of the main advantages
of the MK test is that it does not require the data to
follow any specific distribution, which allows it to
yield reliable results across a wide range of datasets.
The MK test is used to determine whether a monotonic
trend (consistently increasing or decreasing) exists
within a time series. The test statistics, commonly
denoted as S, are computed using the following
formulation:

S = X X sign(xy — x;) 2.1
-1, X —x < 0
sign(xj—x) =140, x—x=0 2.2)

1, xj—xi>0

The wvariance value, which is required for the
asymptotic form of the Mann-Kendall (MK) test—
assuming a zero mean and normally distributed test
statistic—is calculated using the following equation:

1
Var(S) = 18 (n—1)(@2n+5) (2.3)
2.2.2 Seasonal Mann-Kendall (SMK) Test

The Seasonal Mann-Kendall (SMK) test can be
applied to time series with seasonal variability without
the assumption of normality [12]. Before computing
the overall SMK test statistic, the Mann-Kendall test
statistic (S) and its variance [Var (S;)] are calculated
separately for each month (or season). The Seasonal
Kendall test statistics are then obtained using the
following equations:

12
s = Z S; (2.4)
=1

12 12 12
Var(S") = Z Var(S;) + Z Z Cov(S;,S;) (2.5)
i=1 i=1 j=1

The values S; and S; S; = f(X;) and §; =f(XJ)
represents functions of independent random variables.
Since all X; and X; correspond to mutually
independent monthly data for months 7/ and j, the
covariance term in Equation (2.4) can be neglected
[13]. Thus, the overall variance simplifies to:

Var(S") = 212, Var(s;) (2.6)

This leads to the following equation. Accordingly, the
variance of the Seasonal Mann-Kendall statistic is
given by:

Ti[n(-1)@n+5)-3, ti(t;-1)(2t;+5)]
18

Var(S") = (2.7)

If the value of S’ is positive, it indicates the presence
of an increasing trend; if negative, it indicates a
decreasing trend.

2.2.3 Sen’s Slope Estimator

The Sen’s Slope Estimator was used to determine the
magnitude (slope) of trends in the time series. This
method is non-parametric and does not require any
assumptions regarding the distribution of the data,
making it a robust and reliable approach for trend
estimation [11].

Sen’s method calculates the slope between all possible
pairs of time points in the dataset and estimates the
median of these slopes as the overall trend. This
approach provides a slope estimate that is resistant to
the influence of outliers and is particularly effective in
environmental time series analysis. When used in
conjunction with the Mann-Kendall test, it allows for
a comprehensive interpretation of both the direction
and magnitude of the detected trend.

For each data pair X; and X; where (7>i), the slope is
calculated using the following equation:

_ x]-—xi

Bij = (2.8)

j—i

B = Median (B;;) 2.9

If the Sen’s slope value is £>0, it indicates a positive
trend (increasing); if f<0 it indicates a negative trend
(decreasing); and if =0 it suggests that no trend is
present. The Sen’s slope coefficient is typically
expressed in units such as °C/year or mm/year,
representing the average annual rate of change.

2.3. Algorithms for Energy Estimation

In this study, conducted to project energy production
in the Ceyhan Basin and Menzelet Dam for the period
2023-2098, four different algorithms were employed
to estimate energy production and associated
hydrological wvariables. These algorithms include
Random Forest (RF), Decision Tree (DT), Gradient
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Boosting Regressor (GBR), and Support Vector
Regression (SVR). Each of these models is known for
its ability to capture non-linear relationships and its
use of distinct learning strategies.

The datasets used in this study consist of Historical
energy production records from 1999 to 2020, and
Climate model projections for the period 2023-2098
under different climate change scenarios.

2.3.1 Random Forest (RF)

Random Forest is an ensemble learning method
composed of multiple decision trees. The model trains
many decision trees, each built using different subsets
of the data and feature space and makes predictions by
averaging the outputs of these individual trees [14].

It is favored due to its robustness against overfitting,
tolerance to noisy data, and its ability to provide high
predictive accuracy. These properties make Random
Forest particularly suitable for modeling complex,
non-linear relationships in environmental and
hydrological datasets.

2.3.1 Decision Tree (DT)

The Decision Tree algorithm makes predictions by
recursively splitting the dataset into branches based on
feature values. In the tree structure, each internal node
represents a feature-based decision, while leaf nodes
correspond to predicted output values [15].

This model is highly interpretable and provides fast
and effective solutions, particularly for small datasets.
However, when used alone, it may be prone to
overfitting, especially in the presence of noisy or
complex data [25].

2.3.3 Gradient Boosting Regressor (GBR)

Gradient Boosting is an ensemble technique that
builds a sequence of weak learners—typically
decision trees—where each new model is trained to
minimize the errors made by the previous one [16].
This iterative process focuses on correcting residuals,
allowing the model to progressively improve its
accuracy.

The architecture of Gradient Boosting is especially
effective in capturing complex and non-linear
relationships within datasets, and it has demonstrated
high predictive performance in a wide range of
regression tasks.

2.3.4 Support Vector Regression (SVR)

Support Vector Regression (SVR) aims to fit the data
within a specified margin of tolerance (€), positioning
data points as close as possible to a hyperplane that
best represents the underlying trend. This model can

produce accurate predictions even in high-
dimensional spaces and is particularly effective for
small datasets and non-linear problems [17].

In this study, observational data from 1999 to 2020
were used to train machine learning models. During
the training phase, four different regression
algorithms were employed Random Forest [14],
Decision Tree [15], Gradient Boosting [16], and
Support Vector Regression [17].

For each model, hyperparameter tuning was
performed using the GridSearchCV method. During
this optimization process, the performance of the
models was evaluated using the following error
metrics R? (Coefficient of Determination), MAE
(Mean Absolute Error), MSE (Mean Squared Error).
These metrics provided a comprehensive assessment
of model accuracy, robustness, and overall predictive
capability.

During the model evaluation phase, the algorithm that
achieved the highest R? and the lowest MAE and MSE
values was identified as the most successful model.
This best-performing model, selected during the
training stage, was subsequently applied to project
future energy production using climate projection data
from the HadGEM, GFDL, and MPI models under the
RCP4.5 and RCP8.5 scenarios for the period 2023—
2098.

In this way, a robust forecasting system was
established that not only learns from historical
observations but is also capable of projecting future
energy production under different climate change
scenarios.

2.4. Projections for Future Energy Production
(Regression-Based Modeling)

Using the machine learning model that demonstrated
the best performance during training, future
hydroelectric energy production was projected for the
period 2023-2098. This forecasting process
incorporated three global climate models (GCMs) and
two greenhouse gas emission scenarios Climate
Models; HadGEM2-ES (Met Office Hadley Centre),
GFDL-ESM2M  (Geophysical Fluid Dynamics
Laboratory), MPI-ESM-MR (Max Planck Institute for
Meteorology) Emission Scenarios; RCP 4.5 —
Medium stabilization scenario, RCP 8.5 — High-
emission “business-as-usual” scenario. These models
are part of the Coupled Model Intercomparison
Project Phase 5 (CMIP5) and were utilized in the
IPCC’s Fifth Assessment Report [18].

Daily climate projection data, including precipitation,
temperature, and evaporation, obtained from the
above GCMs were used as inputs to the pre-trained
machine learning model. In this way, future
hydroelectric energy production potential was
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estimated under varying climatic conditions
represented by the selected scenarios.

This approach provides a scientifically significant
contribution, both in terms of testing the
generalizability of the model and evaluating the
potential impacts of climate change on energy
production.

The climatic inputs used for energy production
forecasts were obtained from three different Global
Climate Models (GCMs) developed under the
framework of the Coupled Model Intercomparison
Project Phase 5 (CMIPS). Each of these models
incorporates distinct representations of physical
processes and atmosphere-ocean interactions, offering
diverse perspectives on future climate projections.

2.4.1 HadGEMZ2-ES (Hadley Centre Global
Environmental Model, Version 2 — Earth System)

The HadGEM2-ES model was developed by the UK
Met Office — Hadley Centre. It is structured as an
integrated Earth System Model (ESM) that
incorporates interactions among the atmosphere,
ocean, land surface, and carbon cycle. Due to its high
spatial resolution and detailed dynamic ocean—
atmosphere coupling, it provides comprehensive
projections of temperature and precipitation
distributions [19].

24.2 GFDL-ESM2M  (Geophysical  Fluid
Dynamics Laboratory — Earth System Model 2
Medium Resolution)

The GFDL-ESM2M model was developed by the
Geophysical Fluid Dynamics Laboratory (GFDL) of
the U.S. National Oceanic and Atmospheric
Administration (NOAA). Offering medium spatial
resolution in its atmospheric component, the model
simulates  long-term  climate  responses by
incorporating carbon cycle dynamics, aerosols, and
biological processes [20].

Thanks to the integration of both terrestrial and
oceanic carbon sources, GFDL-ESM2M s
particularly robust in modeling climate-interactive
processes.

2.4.3 MPI-ESM-MR (Max Planck Institute Earth
System Model — Medium Resolution)

The MPI-ESM-MR model was developed by the Max
Planck Institute for Meteorology in Germany. With
moderate spatial resolution, it integrates components
of the atmosphere, ocean, biosphere, and cryosphere,
offering a comprehensive simulation of the Earth
system [21].

This model has demonstrated strong performance in
regional climate analyses, particularly for areas such
as Europe and the Mediterranean Basin.

2.5. Software and Visualization

All data processing, analysis, and modeling steps in
the study were carried out using Python [22,23], an
open-source programming language. Thanks to
Python’s extensive library ecosystem, processes such
as data mining, machine learning, and visualization
were implemented effectively.

All calculations, including statistical tests (Mann-
Kendall, Sen’s Slope), machine learning algorithms
(Random Forest, SVR, etc.), and error metrics (R?,
MAE, MSE), were performed using Python and
visualized with the Matplotlib and Seaborn libraries.

Using Python's widely adopted scientific computing
libraries—NumPy, Pandas, Scikit-learn, and
Matplotlib—both model training with historical data
and future predictions and graphical interpretations
were successfully conducted.

All analyses were carried out using the Python
programming language and open-source libraries.
Python’s flexible structure enabled the integrated
execution of data preprocessing, model training,
hyperparameter  optimization, and  advanced
visualization processes.

3. FINDINGS
3.1. Mann-Kendall Test and Sen’s Slope Estimator

A p-value of less than 0.05 indicates the presence of a
trend at the corresponding station. Additionally, if the
Z  value exceeds the critical value
Zl—a/2Z {1-\alpha/2}Zl-a /2 (£1.96 ata 5%
significance level) from the standard normal
distribution table, a trend is considered to exist. In
such cases, the sign of the Z value is used to determine
whether the trend is increasing or decreasing. A
negative Z value indicates a decreasing trend, while a
positive Z value indicates an increasing trend [24].
Accordingly, the results of the Mann-Kendall trend
analysis are presented in Table 2.

Table 2. Mann-Kendall Trend Analysis Results

2 )

= E @ g

g 2 -

> = N =9 72 =
P (mm) 0.015 | -1.531 | 0.126 | -1.14 B
T (°C) 0.481 | 3.102 | 0.0019 | 0.063 1
E (mm) 20.020 | 0.114 | 0909 | -1.42 B
Q (m'/s) -0.108 | -0.705 | 0.481 | -0.014 B

According to the results of the Mann-Kendall test, for
streamflow (Q), the Kendall’s tau value is -0.108 and
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the p-value is 0.481, indicating that there is no
statistically significant trend (Zs -0.705). For
temperature, the Kendall’s tau value is 0.481 and the
p-value is 0.00175, indicating a statistically
significant increasing trend (Zs 3.102). For
precipitation, the Kendall’s tau value is -0.015 and the
p-value is 0.126, suggesting no statistically significant
trend (Zs = -1.531). As for evaporation, the Kendall’s
tau value is -0.020 and the p-value is 0.909, also
indicating no statistically significant trend (Zs = -
0.114).

3.2. Seasonal Mann-Kendall Test and Sen’s Slope
Estimator

The seasonal parameter results by year for the
Seasonal Kendall Test and Sen’s Slope Estimator are
presented in the table below, followed by
corresponding graphs. Initially, Kendall’s tau and p-
values were calculated separately for each season.
For the precipitation parameter, tau and z-values are
low across all seasons, and p-values are above 0.05,
indicating that there is no statistically significant
trend. Sen’s Slope values are small (positive or
negative), suggesting minimal change. Thus, no
noticeable increase or decrease was observed in
seasonal precipitation.

For the temperature parameter, Tau> 0.4, Z> 2.8, and
p-value < 0.05 across all seasons, indicating a
statistically significant increase.

Sen’s Slope values are positive, small, but consistent.
A significant increasing trend in temperature has been
identified across all seasons from winter to autumn,
indicating that seasonal warming is ongoing.

For the evaporation parameter, Tau is negative and
small in all seasons, with insignificant Z and p-values
(p > 0.05). Sen’s Slope is low and negative. This
suggests a decreasing trend in evaporation, but it is not
statistically significant. The changes are minor and
may be random.

Regarding the streamflow (discharge) parameter, no
significant trend was found in all seasons except
summer (p > 0.05). In summer, Tau = 0.49, Z = 4.35,
p = 0.00, indicating a statistically significant
increasing trend in streamflow during this season. In
other seasons, streamflow appears to be stable or
slightly decreasing, but the trends are not statistically
significant.

The results obtained from Seasonal Mann-Kendall
trend analysis are given in Table 3.

Table 3. Seasonal Mann-Kendall Trend Analysis

Results

=2 ©

| . sz

< S )

&5 | N -
P (mm) Winter -0.11 | -0.90 | 0.37 -1.2 -
P (mm) Spring 0.05 0.40 0.69 0.4 -
P (mm) Summer 0.09 0.80 0.42 0.8 -
P (mm) Autumn -0.02 | -0.20 | 0.85 -0.1 -
T (°C) Winter 0.48 3.10 | 0.00 0.06 1
T (°C) Spring 044 | 2.80 | 0.01 0.05 1
T (°C) Summer 0.52 | 3.50 | 0.00 0.07 1
T (°C) Autumn 0.50 | 3.30 | 0.00 0.06 1
E (mm) Winter -0.10 | -0.70 | 0.48 -1.1 -
E (mm) Spring -0.03 | -0.30 | 0.78 -0.3 -
E (mm) Summer -0.06 | -0.50 | 0.62 -0.6 -
E (mm) Autumn -0.09 | -0.80 | 0.44 -1 -
Q (m*/s) Winter -0.21 | -0.07 | 0.18 -0.49 -
Q (m%/s) Spring -0.06 | -0.53 | 0.74 -0.72 -
Q (m*/s) Summer | 0.49 4.35 0.00 0.07 1
Q (m’/s) Autumn -0.12 | -1.06 | 0.47 -0.02 -

The graphs related to Seasonal Mann-Kendall Trend
Analysis for each parameter are presented in Fig.3.

Seasonal Streamflow Q Observations Over the Years
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Seasonal Evaporation ( mm) by year Seasons
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Figure 3. Seasonal Mann-Kendall Graphs by Year

(1999-2020) (a)Streamflow
(c)Precipitation (d)Evaporation

(b)Temperature

The findings related to the z-scores obtained for the
parameters in the Seasonal Mann-Kendall test are
presented below (Table 4). The graphs related to these
results for each parameter are presented in Fig.4.

Table 4. Mann-Kendall Z-Score Results

Variable VA Var (S") Z- Score
P (mm) 0.54 3.84 -0.24
T (°C) 0.97 3.74 -0.02
E (mm) 0.45 3.78 -0.28
Q (m’/s) 0.10 3.70 -0.47

Annual Temperefure (°C) Trend (1999-2020)

e
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Figure 4. Mann-Kendall graphs by year (1999-2020)
(a)Temperature (b)Precipitation (c)Discharge
(d)Evaporation

In conclusion, for Q (streamflow), there is no
statistically significant trend across seasons over the
years. An increasing trend is observed only during the
summer months. For temperature, there is no clear
trend in the data over the years overall. Similarly, for
precipitation, there is no statistically significant
seasonal trend over the years. The same applies to
evaporation, where no significant seasonal trend is
observed throughout the years.

3.3. Mann-Kendall Test and Sen’s Slope Estimator
for HadGEM2-ES, GFDL-ESM2M and MPI-
ESM-MR models— under RCP 4.5 and RCP 8.5

- |2 s s | &
3 2 5 = zZ |z E
] = S = g @ 2
= & 3 a - = =

> 1) A~ 5

wn
P (mm) RCP45 | -0.1 [0.201 ] -1.2072 | —
E' RCP8.5 | -0.095 | 0.226 | -0.9428 | —
2% | & (um) RCP4.5 | -0.068 [ 0.389 | -4.8666 | —
g RCP8.5 | -0.095 [ 0.228 | -4.0013 | —
e ) RCP4.5 | 0.588 0 0.0256 | 1
RCP8.5 | 0.778 0 0.0592 | 1
o P (mm) RCP4.5 | -0.009 | 0911 | 0.0303 | —
= b RCP8.5 | -0.196 | 0.012 | -2.3041 | |
ragp= RCP4.5 | -0.057 [ 047 | -1.8844 | —

C @ | E(mm)

RCP8.5 | -0.25 [0.001 [-10.6756 | |
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T (C°) RCP4.5 0.149 | 0.057 | 0.0084 | —
RCP8.5 0.658 0 0.0455 1

P (mm) RCP4.5 | -0.112 | 0.153 | -1.2946 | —

2' RCP8.5 | -0.281 0 -4.2622 | |
B E (mm) RCP4.5 | -0.069 | 0.377 | -1.4816 | —
b—«: = RCP8.5 | -0.374 0 -12.2008 | |
= T(C) RCP4.5 0.313 0 0.014 1
RCP8.5 0.731 0 0.0586 1

Under the HadGEM2-ES model, for Precipitation (P)
in both RCP 4.5 and RCP 8.5, tau values are negative
and p-values are greater than 0.05, indicating no
statistically significant trend. There is a weak
decreasing tendency, but it is not significant. For
Evaporation (E), tau values are also negative with
non-significant p-values in both scenarios, suggesting
no clear trend, although the direction is slightly
decreasing. For Temperature (T), tau values are high
(0.588 and 0.778) with p = 0, indicating a statistically
strong and significant increase. Sen’s Slope is
positive, confirming a clear rise in temperature. Thus,
under the HadGEM2-ES model, while temperatures
show a significant increase, precipitation and
evaporation do not exhibit statistically significant
changes.

Under the GFDL-ESM2M model, for Precipitation
(P) under the RCP 4.5 scenario, p = 0.911, indicating
no trend. Under the RCP 8.5 scenario, p = 0.012, tau
= -0.196, showing a statistically significant decrease.
For Evaporation (E), the RCP 4.5 scenario shows a
non-significant trend (p = 0.47). However, under the
RCP 8.5 scenario, p = 0.001, tau = -0.25, indicating a
significant decrease. For Temperature (T) under RCP
4.5, p = 0.057 — which is borderline (not significant
if a = 0.05 is assumed), so no significant trend. Under
RCP 8.5, p = 0, tau = 0.658, indicating a significant
increase in temperature. In summary, under the
GFDL-ESM2M model, no variable shows a
significant trend in the RCP 4.5 scenario. In contrast,
under RCP 8.5, precipitation and evaporation
decrease, while temperature increases strongly.
Under the MPI-ESM-MR model, for Precipitation (P)
in the RCP 4.5 scenario, p = 0.153, indicating no
significant trend. In the RCP 8.5 scenario, p =0, tau =
-0.281, showing a statistically significant decrease.
For Evaporation (E) under RCP 4.5, p =0.377 — not
significant. Under RCP 8.5, p = 0, tau = -0.374,
indicating a significant decrease. For Temperature
(T), RCP 4.5 shows p = 0, indicating a significant
increase. Under RCP 8.5, p = 0 as well, showing an
even stronger increase. Under the MPI model, only
temperature increases under RCP 4.5. Under RCP 8.5,
the temperature rises sharply, while precipitation and
evaporation significantly decrease.

This table clearly indicates that the impacts of climate
change vary by scenario and model, but the common
signal is an increase in temperature. The declines in
precipitation and evaporation under RCP 8.5,

accompanying this warming, are particularly
important in terms of drought risks and water balance.
The graphs related to Mann-Kendall test and Sen’s
slope estimator HadGEM2-ES, GFDL-ESM2M and
MPI-ESM-MR models— under RCP 4.5 and RCP 8.5
are presented in Fig.5.
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Figure 5. Scenario-Comparative Mann-Kendall
graphs by year for HadGEM2-ES, GFDL-ESM2M,
and MPI-ESM-MR Models (a) MPI- Precipitation
(b)MPI-Evaporation (c)HADGEM-Temperature
(d)HADGEM-Precipitation (e)HADGEM-
Evaporation (f)HADGEM-Temperature (g) GFDL-
Precipitation ~ (h)GFDL-Evaporation  (i)GFDL-
Temperature

In conclusion, when examining the trend analysis
results for all parameters under the RCP 4.5 and RCP
8.5 scenarios, it is observed that under RCP 8.5, most
of the trends for temperature, total precipitation, and
total evaporation are statistically significant. Under
the RCP 4.5 scenario, however, a significant
increasing trend was detected only for temperature

3.4. Training and Testing Observational Data
Using Machine Learning

In this study, four different machine learning
algorithms (Random Forest, Support Vector
Regression, Gradient Boosting, and Decision Tree)
were applied to predict the daily energy production of
the Menzelet Dam. The performance of each model
was evaluated using the metrics MAE (Mean Absolute
Error), MSE (Mean Squared Error), and R?
(Coefficient of Determination). The training process
is implemented with 50 percent of data belonging to
1999-2020 years and the rest is used for testing.

The Random Forest algorithm effectively captured the
complex relationships and interactions within the
dataset, demonstrating a strong predictive
performance. An R? value of 78.2% indicates that
approximately 78% of the variation in modeled energy
production can be explained by the model. According
to the MAE, the daily prediction error is quite low.
This outcome is consistent with the findings in the
literature, particularly —emphasized by [14],
highlighting Random Forest’s robustness in handling
multivariate and noisy datasets.

The Gradient Boosting algorithm demonstrated a
performance comparable to that of Random Forest. In
particular, its low MSE value indicates an advantage
in penalizing squared errors. With an R? value of
78.5%, it stands out as the model with the highest
accuracy. [16] noted that the boosting algorithms’
sequential learning capability enables them to perform
highly, especially in complex data structures; the
results of this study are consistent with that
perspective.

The SVR model produced higher error values
compared to the other models. This can be attributed
to SVR's inability to effectively learn complex
relationships when using a linear kernel. However,
SVR is still recognized in the literature for providing
high general performance with smaller datasets [17].
In this study, the higher data complexity appears to
have limited SVR’s predictive capability.

The Decision Tree algorithm had the highest error and
lowest R? value among all models. Its reliance on a
single-tree structure may expose the model to high
variance and overfitting risks—a fundamental
limitation also noted by [15]. Nevertheless, due to its
interpretability and computational speed, the model
has been retained as a valuable benchmark.

The highest R? and lowest error metrics were obtained
from the Gradient Boosting model. However, the
Random Forest model also showed competitive
performance with very close values. In this context,
Gradient Boosting stands out as the most reliable
model for predicting energy production at Menzelet
Dam. The optimal hyperparameter distribution in
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models using GridSearch CV is given in Table 5. The
actual prediction graphs of the models whose
hyperparameters were analyzed using GridSearchCV
are given in Fig.6.
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Table 5. Optimal Hyperparameter Distribution in
Models Using GridSearch CV

Model Perfo'rmance Best Hyperparameters
metrics
{'max_depth": 10,
Random MAE: 265.11 'max_features': 'auto’,
Forest MSE: 149343.6 | 'min_samples_leaf": 4,
ores R2:0.782 'min_samples_split': 10,
'n_estimators": 300}
MAE: 282.07 WO T it : I
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Figure 6. The actual prediction graph of the models
whose hyperparameters were analyzed using
GridSearchCV ~ (a) Random Forest (b)SVR
(c)Gradient Boosting (d)Decision Tree

3.5. Energy Forecasting Using Machine Learning
with Future Model Data

The high predictive capacity of machine learning
algorithms offers a powerful tool for forecasting
multivariate and dynamic processes such as energy
production. In this study, models trained using
historical meteorological and hydrological data linked
environmental indicators—such as temperature,
precipitation, evaporation, and streamflow—to energy
production. Consequently, potential changes in
energy output between 2023 and 2098 were predicted
using machine learning, based on climate scenarios
(RCP 4.5 and RCP 8.5) from the HadGEM2-ES,
GFDL-ESM2M, and MPI-ESM-MR models. Energy
change graphs of the GFDL model for RCP 4.5 and
RCP 8.5 in two different periods are given in Fig.7 and
Fig.8, respectively.
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Figure 7. Energy change graph of the GFDL model for
RCP 4.5 (a) 2023-2060 (b)2061-2098

The results quantitatively reveal the impact of climate
change on energy production and provide a scientific
basis for region-specific management decisions. This
approach makes a valuable contribution to the
development of data-driven decision support systems
for sustainable energy planning.

Upon transitioning to the modeling phase, after
applying the necessary input parameters, energy
production projections obtained using the Random
Forest Regression Model revealed varying results for
each climate model and scenario. Under the GFDL
model's RCP 4.5 scenario, a general increasing trend
in energy production was observed for the 2023-2060
period. During this time, seasonal fluctuations were
pronounced, and energy production was seen to
change consistently on an annual basis. From 2024 to
2060, a slightly decreasing trend is observed. This
suggests that factors affecting energy production (e.g.,
streamflow, temperature, or evaporation) may decline
over time due to climate change. A clear and recurring
seasonal pattern is evident each year, clearly
highlighting the impact of seasonal cycles on energy
production. The residuals are randomly distributed
with no clear pattern, indicating that the model
successfully separates trend and seasonality. The
Gradient Boosting algorithm has demonstrated strong
predictive ability during this period, effectively
capturing seasonality. Compared to the initial period,
more pronounced fluctuations are observed. Although
the general level remains within the 1600—-1800 MWh

range, instabilities in production become more
noticeable. The seasonal pattern remains well-
preserved, with strong cycles. Forecast errors are
slightly more scattered than in the previous period,
reflecting the increasing unpredictability of climate
change impacts. While uncertainty in long-term
forecasts increases, Gradient Boosting still delivers
reliable predictions.
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Figure 8. Energy change graph of the GFDL model for
RCP 8.5 (a) 2023-2060 (b)2061-2098

Throughout the period, the trend shows a slightly
decreasing but fluctuating pattern. Between 2024 and
2040, values are relatively higher, followed by a
declining trend after 2040. Clear seasonal cycles
continue, and the model has successfully captured this
structure. During this period, energy production trends
are more volatile and lower compared to the previous
phase. Instances where production falls below 1700
MWHh become more prominent. The seasonal structure
remains strong.

The residual components are widely dispersed,
indicating that the model occasionally makes errors.
In the long term, especially under the RCP 8.5
scenario, the predictive performance of the Random
Forest model begins to decline. This reflects the
challenging impact of climate change on modeling
accuracy.

The analysis shows that the Gradient Boosting
algorithm provides more consistent forecasts,
particularly under the GFDL - RCP 4.5 scenario. This
algorithm effectively distinguishes seasonality and
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trend components and maintains strong predictive
performance even in future periods. In contrast, the
Random Forest model produced more errors under
extreme scenarios such as RCP 8.5, highlighting how
increasing climate uncertainty can compromise model
accuracy. This underlines the critical importance of
model selection in forecasting complex systems like
energy production under climate change.

4. CONCLUSION

In this study, four different machine learning
algorithms (Random Forest, Support Vector
Regression, Gradient Boosting, and Decision Tree)
were employed to predict the daily hydroelectric
power generation of the Menzelet Dam. The
performance of the models was evaluated using MAE,
MSE, and R? metrics. The primary goal was to model
the effects of climatic and hydrological variability on
energy production and to provide a scientific basis for
future water-energy management scenarios while
testing the applicability of machine learning
approaches in energy forecasting models.

According to the analysis results, the Gradient
Boosting algorithm demonstrated the highest
prediction accuracy, with an R? value of 78.5%. This
success reflects the sequential learning capability of
boosting algorithms in complex data structures, as
highlighted by [16]. The low MSE value of Gradient
Boosting emphasizes its advantage in penalizing
squared errors. The Random Forest algorithm also
showed competitive performance with an R? of
78.2%, confirming its robustness in multivariate and
noisy datasets as emphasized by [14]. Both models
successfully linked historical meteorological and
hydrological data—such as temperature, precipitation,
evaporation, and  streamflow—with  energy
production.

In contrast, the Support Vector Regression (SVR)
model produced higher error values compared to the
others. This is likely due to its inability to effectively
learn complex relationships when using a linear
kernel. Although SVR is known in the literature [17]
for performing well on small datasets, it was limited
in this study due to higher data complexity. The
Decision Tree algorithm recorded the highest error
and lowest R? value among the models. As noted by
[15], the use of a single-tree structure can lead to high
variance and overfitting, revealing the model’s
limitations. Nevertheless, it was considered an
important benchmark due to its interpretability and
speed.

When energy production projections for the period
2023-2098 were examined under climate scenarios
(HadGEM2-ES, GFDL-ESM2M, and MPI-ESM-MR;
RCP 4.5 and RCP 8.5), the Gradient Boosting
algorithm provided more consistent forecasts,

particularly under the GFDL - RCP 4.5 scenario. This
model effectively distinguished between seasonality
and trend components, maintaining its predictive
performance even in future periods. For example,
under the GFDL model's RCP 4.5 scenario, Gradient
Boosting successfully captured a general increasing
trend and strong seasonal cycles during the 2023-
2060 period. However, a slightly declining trend
observed between 2024 and 2060 indicates potential
decreases in factors affecting energy production due
to climate change.

On the other hand, the Random Forest model
produced more errors under extreme scenarios such as
RCP 8.5, highlighting that the unpredictability
brought by climate change challenges model
performance in long-term and severe scenarios.

In conclusion, the high predictive capacity of machine
learning algorithms has proven to be a powerful tool
for forecasting complex and dynamic processes such
as energy production in hydroelectric power plants
like Menzelet Dam. This study shows that the
Gradient Boosting algorithm emerged as the most
reliable model for forecasting energy production at
Menzelet Dam and that the outputs quantitatively
reveal the impact of climate change on energy
production, providing a scientific foundation for
region-specific management decisions. This approach
significantly contributes to the development of data-
driven decision support systems in sustainable energy
planning.
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Posta sektorii, toplumsal iletisim aglart ve kiiresel lojistik sistemlerinin merkezi bir bileseni olarak
hem ekonomik siireclerde hem de giinlilk yasamin isleyisinde kritik bir rol oynamaktadir.
Glinlimiizde dijital teknolojilerin  iretim, dagitim ve hizmet modellerini yeniden
sekillendirmesiyle birlikte posta sektorii doniisiim baskilarini en yogun bigimde yasayan
alanlardan biri haline gelmistir. Mektup hacimlerindeki diisiis, e-ticaretin hizl yiikselisi ve Covid-
19 pandemisinin hizlandirici etkisi bu doniisiimii daha da belirgin hale getirmistir. Bu siirecin
temel dinamigini is siireclerine entegre edilen dijital teknolojiler olusturmaktadir. Ozellikle yapay
zeka (Al), nesnelerin interneti (IoT), biiyiik veri analitigi, robotik siire¢ otomasyonu, bulut biligim
ve blok zincir gibi yenilik¢i teknolojiler, posta sektoriiniin geleneksel hizmet anlayisini
doniistiirerek yapisal bir degisim yaratmaktadir. Bu teknolojiler yalnizca operasyonel siireglerde
hiz, dogruluk ve verimlilik saglamakla kalmamakta, ayn1 zamanda miisteri odakli hizmet
tasarimlarmin  gelistirilmesine de imkan tanimaktadir. Bahse konu gelismeler, rekabet
dinamiklerini koklii bigimde degistirerek dijital doniisiime uyum saglayan isletmelerin pazardaki
konumlarini giliglendirmesine, hizmet cesitliligini artirmasina ve miisteri taleplerine daha etkin
yanit vermesine imkan tanimistir. Bu ¢aligsma, posta sektoriinde dijital doniisiimiin etkilerini ele
almakta ve yenilik¢i teknolojilerin sektordeki kullanim alanlarini incelemektedir. Ayrica bu
teknolojilerin operasyonel siiregler, hizmet modelleri ve rekabet dinamikleri iizerindeki
yansimalari ele alinmaktadir.
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The postal sector plays a critical role in both economic processes and the functioning of daily life
as a central component of social communication networks and global logistics systems. Today,
with digital technologies reshaping production, distribution, and service models, the postal sector
has become one of the areas experiencing the most intense pressure for transformation. The decline
in letter volumes, the rapid rise of e-commerce, and the accelerating effect of the Covid-19
pandemic have made this transformation even more pronounced. Digital technologies integrated
into business processes form the fundamental dynamic of this process. Innovative technologies
such as artificial intelligence (Al), the Internet of Things (IoT), big data analytics, robotic process
automation, cloud computing, and blockchain are creating structural change by transforming the
postal sector's traditional service approach. These technologies not only provide speed, accuracy,
and efficiency in operational processes, but also enable the development of customer-focused
service designs. These developments have fundamentally changed the dynamics of competition,
enabling businesses that adapt to digital transformation to strengthen their market position,
increase service diversity, and respond more effectively to customer demands. This study
examines the effects of digital transformation in the postal sector and explores the areas of
application for innovative technologies in the sector. It also addresses the implications of these
technologies on operational processes, service models, and competitive dynamics.
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1. INTRODUCTION (GIRiS$)

The postal sector has played a fundamental role not
only in the transportation of physical items from the
past to the present, but also in supporting socio-
economic connectivity through communication,
parcel, and money transfer services [1,2].
Representing social inclusiveness through its
extensive access network in almost every country, the
sector provides global coverage that enables people to
send items to anyone, anywhere [2]. Today, postal
networks also contribute to the functionality of supply
and distribution systems by facilitating e-commerce
logistics and trade flows [1]. Furthermore, as a
strategic domain shaped by public policies,
international standards, and regulatory frameworks,
the postal sector remains closely linked to
governmental and institutional agendas [2,3].
Considering the accelerating effects of digitalization
and technology-driven change in the industry, the
postal sector has become a focal point not only of
technological transformation but also of broader
social and economic transformation [1,3]. Due to
these characteristics, the postal sector offers a suitable
and meaningful research area for examining digital
transformation processes [3]. At this point, outlining
the conceptual framework of postal services is
essential to understand the impacts of digital
transformation on the sector.

In the most general sense, mail is the transmission of
a shipment from one place to another for the purpose
of communication. According to TDK, the term
“postal mail” is defined as “all of the letters and
entrusts that come from or are sent to a place” [4].
Postal service can be defined as a special
transportation or distribution system that involves the
transportation of goods from one point to another.
However, there are some unique features that
distinguish the postal service from other distribution
methods. The most prominent feature of the postal
service is that it is based on the transfer of shipments
that contain address information, need to be
transported in a regular and scheduled manner, and are
usually distributed over a regional network [5]. In this
context, not only the definition and characteristics of
postal services but also their relationship with e-
commerce is important for understanding the
transformation of the sector.

The relationship between the postal sector and e-
commerce is very important, and these two sectors
complement each other. Products purchased through
e-commerce platforms must be physically delivered to
consumers. Postal service providers come into play at
this stage. Postal service providers ensure that these
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processes are carried out efficiently [6]. The growth of
the e-commerce sector has a significant impact on the
postal sector. While the long-term lockdowns and
social distancing measures implemented due to the
Covid-19 pandemic caused a serious contraction in
many sectors of the global economy, they contributed
to the growth of the e-commerce sector. With the
increase in e-commerce volume, postal service
providers have had to meet consumer needs with
innovative approaches such as same-day or
contactless delivery, easy return processes, instant
order tracking, and multiple delivery attempts [7]. In
this process, postal service providers have been trying
to integrate these innovative approaches into their
business processes through digital transformation
technologies, while also attempting to overcome these
challenges with alternative delivery models [8].

The postal sector is undergoing a fundamental
transformation alongside the spread of digitalization
and e-commerce. The replacement of traditional letter
delivery with digital communication tools such as
email, social media, and instant messaging is forcing
postal service providers to adapt to changing user
habits. In this context, postal service providers are
diversifying their means of reaching consumers by
leveraging digital technologies and increasingly
shifting their sectoral activities towards parcel
delivery and freight transport. To maintain their
presence in a competitive environment, they must
continue to develop innovative solutions and invest in
digitalization [9].

2. DIGITAL
DONUSUM)

TRANSFORMATION  (DIJITAL

Digital transformation is also defined as a process
where various digital innovations come together to
create new actors, structures, practices, values and
beliefs that change, threaten, transform or
complement  existing  rules [10].  Digital
transformation is a process that enables enhanced
customer experiences, streamlined operations and
new business models by enabling significant
improvements in business processes through the use
of new digital technologies such as social media,
mobile technology, analytics and embedded devices
[11]. In shorter terms, digital transformation is the
integration of technological developments into
business and operational processes [12].

Digital transformation means that businesses adapt to
the digital age by adapting to new technologies. This
process affects various sectors such as industry,
energy, logistics, electronic communication and mail.
Businesses that want to gain competitive advantage
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tend to digitalize their business processes. For this
transformation to be effective, the right human
resources, led by qualified experts, are required. In
addition, transformations should be strategically
analyzed and supported by budget planning [13].
Digital technologies have significantly changed the
way businesses interact with customers, understand
competition, manage data and approach innovation.
This change allows businesses to better understand
customer needs, gain competitive advantage and
develop innovative products and services [14]. In this
context, it is important to identify the key technologies
that drive digital transformation and shape sectoral
practices.

The most widely used digital transformation
technologies today are artificial intelligence, internet
of things, robotics, big data, blockchain, cloud
computing, robotic process automation. The
relationship between these technologies and the postal
sector is described below. These technologies are
shown in Figure 1. Before examining their role in the
postal sector, it is useful to briefly outline the
characteristics of these technologies.

|
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Figure 1: Digital Transformation Technologies (Dijital

Daéniigiim Teknolojileri)

2.1. Artificial Intelligence (Yapay Zeka)

Artificial intelligence is a set of techniques that can
produce solutions with similar designs to solve
problems and in this process tries to imitate human
intelligence in computer environment [15]. In other
words, artificial intelligence is the field of computer
science that aims to design systems with abilities such

as learning, reasoning, problem solving, etc. that we
observe in human behavior [16].

2.2. Internet of Things (Nesnelerin Interneti)

The IoT concept is defined as electronic devices that
have the ability to connect to the internet and
communicate with each other via their IP (Internet
Protocol) addresses over the internet. Electronic
devices that interact with each other in the IoT
network are referred to as objects. These objects can
perform identification, detection, networking and
processing processes with each other [17]. Objects in
these networks have the ability to automatically
organize, share information, react to situations and
changes in the environment, and move [18].

2.3 Blockchain (Biokzincir)

Blockchain is defined as a database in the most basic
terms. In the working logic of this technology, data or
information is sequentially stored in blocks. When the
data capacity of a block reaches the upper limit, a new
block is produced with the data of the other block and
moved to another block. The moved blocks are
connected to each other in the form of a chain. Each
connected block chain has its own unique sequence
rule. The size and data fields of the blocks in the block
chain are unique characteristics [19]. A blockchain is
actually a database where all transactions executed
and shared between participating parties are kept in a
distributed ledger. Each transaction in the public
ledger is verified by the consensus of the majority of
participants in the system. The information obtained
as a result of this transaction can never be deleted and
contains a precise and verifiable record of every single
transaction ever made [20].

2.4 Cloud Computing (Bulut Bilisim)

Cloud computing can be briefly defined as an internet-
based computing method. Thanks to cloud computing,
information shared with hardware and software
resources can be transferred to computers and other
devices on demand, regardless of the source. NIST
(National Institute of Standards and Technology)
defines cloud computing as a pay-per-use model that
provides on-demand network access to configurable
computing repositories (including storage, software,
services) [21].

2.5 Robeotics (Robotik)

The term "robot" is defined by the International
Organization for Standardization (ISO) as "a
programmed, operated mechanism possessing a
degree of autonomy to perform movements,
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manipulation, or positioning." Robotics is an
engineering discipline that involves the design,
manufacturing, and operation of robots. The aim of
the field of robotics is to develop intelligent machines
that can assist humans in various ways. In robotics
technology, robots may resemble humans or be used
to perform repetitive tasks typically carried out by
people [22].

2.6 Robotic Process Automation (Robotik Siire¢

Otomasyonu)

With the integration of computer and software
sciences into robotic technologies, the concept of
Robotic Process Automation (RPA) has emerged.
RPA is a technology designed to reduce human
intervention in computer applications, particularly in
repetitive business processes. It operates through user
interfaces similarly to humans and is specifically
developed to automate business processes. RPA
transforms simple, repetitive, and structured tasks
from manual execution to automation [23].

2.7 Big Data (Biiyiik Veri)

Big data refers to high-volume, high-velocity, and
highly diverse data that is difficult to process using
traditional computing techniques. However, such data
can be utilized to generate meaningful insights and
support better decision-making [24].Unlike traditional
data, the term big data encompasses large and
continuously growing datasets composed of
heterogeneous  formats, including structured,
unstructured, and semi-structured data [25]. In
general, big data denotes datasets that have become
too large and complex to be handled by conventional
tools and database management systems [26].

3. DIGITAL TRANSFORMATION AND POSTAL
SECTOR (DIJITAL DONUSUM VE POSTA SEKTORU)

The impacts of digital transformation are being
significantly felt in the postal sector, as in many other
industries. With the acceleration of technological
advancements, the implementation of digital
transformation initiatives and projects within this
sector has become increasingly widespread. Digital
transformation in the postal sector has influenced the
way postal services are delivered, the competitive
dynamics of postal service providers and access to
postal services. At every stage of postal operations,
digital transformation has brought about a profound
shift. The replacement of traditional postal procedures
with digital tracking and automation systems has

accelerated business processes and enhanced overall
efficiency [27].

Postal operators should adopt a strategic approach to
capitalize on opportunities in the digital
transformation process. These approaches include
adopting new business models and technologies to
reduce fixed costs, making organizational changes to
make inflexible processes more agile, modernizing
complex and legacy systems, investing in integrating
physical and digital channels, using data analytics to
better understand customer needs, and creating a
culture of innovation to adopt new technologies [28].
To better understand the dynamics of this
transformation, the effects of key digital technologies
such as artificial intelligence, the Internet of Things,
big data analytics, robotic process automation, cloud
computing, robotics, and blockchain on the postal
sector are examined.

3.1. Artificial Intelligence and the Postal Sector
(Yapay Zeka ve Posta Sektorii)

Artificial intelligence technologies are used at every
stage of postal services, including the collection,
sorting, tracking and delivery of parcels and letters.
Artificial intelligence has changed the correspondence
system in the postal sector. Barcode technologies
record information such as sender and recipient
addresses and type of delivery. With RFID (Radio
Frequency Identification) or barcode technologies,
letters and packages can be tracked, enabling real-time
information flow. In addition, advanced optical
character recognition (OCR) technology in mail and
parcel sorting processes enables automated reading of
handwritten addresses. This technology helps postal
operators to sort letters and parcels automatically [29].

One of the most important areas of digitalization in the
postal sector is the supply chain and logistics
processes. In the supply chain, artificial intelligence
technologies help to optimize processes and balance
demand and supply through data analysis. It is used in
demand forecasting processes and inventory tracking
in warehouses. In addition, with Al-based route
optimization technologies, postal businesses can
reduce the cost of delivery and distribution and
provide faster delivery. Thanks to unmanned aerial
vehicles or autonomous vehicles, efficiency is
increased by continuous delivery.  Artificial
intelligence technologies provide businesses with a
better workflow in case of staff shortages. Chat bots
or virtual assistants use natural language processing
from Al technologies to provide 24/7 support to
consumers. As a result, consumers can access the
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necessary information at any time and do not have to
wait for a response from staff [29].

3.2 Internet of Things and the Postal Sector

(Nesnelerin Interneti ve Posta Sektorii)

IoT technology has brought innovations and
improvements to the postal sector. IoT enables postal
businesses to monitor their shipments in real time. In
particular, through small sensors and tags, the location
of each shipment can be tracked and parameters such
as temperature, humidity, weight, as well as the
security status of packages can be monitored. This
reduces the risk of loss and damage and makes
tracking shipments more effective [30].Thanks to the
sensors installed in wvehicles carrying postal
shipments, package transportation processes can be
monitored. In this way, routes can be optimized,
routing can be made according to traffic conditions
and delivery times can be shortened. At the same time,
the maintenance needs of the vehicles can be
monitored so that malfunctions can be detected in
advance and planned maintenance can be carried out
[31].

IoT technologies also facilitate storage and inventory
management. Sensors can automatically monitor
inventory in storage areas, report stock levels in real
time and optimize reordering processes. This enables
stock optimization and increases efficiency. loT also
enhances postal companies' security measures.
Sensors can detect the movement of packages and
alert in case of unauthorized access or theft. This can
secure shipments and reduce the risk of theft. IoT
offers a wide range of benefits from logistics
businesses to the consumer. These benefits have an
impact throughout the logistics value chain, including
warehousing operations, freight transportation and
final stage delivery [32].

3.3 Blockchain and the Postal Sector (Biokzincir ve
Posta Sektorii)

Blockchain technology is being used in many areas in
the postal sector. These applications include contract
enforcement, authentication services, network and
device management, and records management.
Blockchain technology can also be used in the postal
sector, device and vehicle management, and supply
chain management processes [33].

Blockchain  technology can make financial
transactions in postal services more secure,
transparent and efficient. A  blockchain-based
platform enables direct and faster transactions
between postal services. Blockchain technology can
make authentication processes in postal services more

secure and transparent. A  blockchain-based
authentication system enables senders and recipients
to verify their identities securely. Blockchain
technology can be used to secure and manage loT
devices in postal service processes. A blockchain-
based device management system can allow devices
to record and transfer their data more securely.
Blockchain allows packages and mail to be uniquely
identified and each shipment to be tracked. This can
enable more accurate identification of where packages
and mail are and when they will be delivered [33].

3.4 Cloud Computing and the Postal Sector (Bulut
Bilisim ve Posta Sektorii)

Cloud computing stands out as a technology that
provides various advantages for the postal sector.
Since postal operators have to process and manage
large amounts of data, cloud computing facilitates the
secure storage and access of this data. Data is stored
on cloud-based servers and can be accessed from
anywhere when desired [34]. Cloud-based systems
can convert capital costs into operational costs by
providing cost savings. It also facilitates information
sharing by eliminating compatibility problems by
providing access to all components of the supply
chain. Cloud-based systems can host different
activities of the postal supply chain on a single
platform and provide access to supply chain partners
from any location. In addition, it is stated that cloud-
based systems can reduce environmental impact by
reducing energy costs and contribute to creating a
sustainable supply chain [35].

Cloud computing can provide great benefits to postal
companies in their postal service processes. Processes
such as shipment tracking, inventory management,
vehicle routing and last-mile delivery can be managed
more efficiently with cloud-based systems. Cloud-
based communication tools help postal companies to
communicate effectively with their internal and
external stakeholders. Collaboration activities such as
data sharing, document editing, project management,
etc. among employees, consumers and suppliers can
be easily carried out via cloud-based platforms [35].

3.5 Robotics and the Postal Sector (Robotik ve Posta
Sektorii)

Robotic technology is used in the postal sector to
enhance automation and efficiency in processes such
as warehouse management, distribution, and delivery.
Robots in the postal sector can be employed at various
stages of operation. One example is autonomous
mobile robots. These robots use sensors and
navigation technologies to transport materials in open
areas without human intervention. In storage facilities,
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different types of autonomous robots are used to move
containers and pallets between sorting machines.
Recent advancements in automation technology have
increased the range and complexity of tasks that
robots can perform. Meanwhile, major postal service
providers around the world are testing the delivery of
certain products by robots in selected cities [36].

3.6 Robotic Process Automation and the Postal
Sector (Robotik Siire¢ Otomasyonu ve Posta Sektérii)

In the postal sector, RPA can enhance operational
performance by automating various business
processes and improving efficiency. RPA can
automate manual tasks such as extracting customer
information from invoices and entering data into
systems. It can also play a role in verifying the
accuracy of addresses, postal codes, and other data,
thereby reducing errors and increasing delivery
accuracy. Furthermore, RPA can support the reporting
of business processes, contributing to improved
organizational oversight and decision-making [37].

RPA can automate the order fulfillment process by
eliminating the need to manually process incoming
orders [38]. It is capable of monitoring postal data in
real time, automatically updating shipment statuses,
and sending notifications to users at various stages of
the delivery process. RPA can also be beneficial in
warehouse and inventory management operations. In
return logistics, it can automate the return and refund
processes, thereby optimizing reverse logistics and
enhancing customer satisfaction [39]. Additionally,
RPA can support customer service operations by
automatically responding to frequently asked
questions, analyzing customer inquiries, and
forwarding complex issues to call center agents [40].
Overall, RPA facilitates business processes in the
postal sector by automating repetitive, rule-based
tasks, enabling human resources to focus on more
complex and value-added activities. It enhances
operational efficiency, reduces costs, and ultimately
contributes to a more competitive and flexible
environment in the postal industry.

3.7 Big Data and the Postal Sector (Biiyiik Veri ve Posta
Sektorii)

The postal sector is one of the industries with
significant potential to benefit from big data. Postal
operators can generate large datasets by collecting
information related to shipments, user profiles, and
operational activities. By applying big data analytics
techniques, postal companies can reduce
transportation costs. These technologies help optimize
delivery routes, lower fuel consumption, and enable
more efficient vehicle dispatching [41]. Moreover, big

data analytics contributes to improving customer
experience. It allows businesses to gain deeper
insights into consumer behavior and trends. This
knowledge enables postal service providers to design
services that are better aligned with the needs and
preferences of their customers [42].

One of the greatest advantages of big data is its ability
to help businesses track package deliveries. Through
big data, the entire transportation process of a package
can be monitored from start to finish. Big data can also
be utilized for route optimization in logistics and
supply chain management processes. With the help of
sensors installed on delivery vehicles, companies can
collect data not only from big data technologies but
also from weather reports and traffic updates [43].

Big data technology can also be used to optimize
inventory levels of supply materials. Postal operators
operating on a global scale are increasingly adopting
smart warechouse technologies. These smart
warehouses, which offer faster and higher
performance compared to traditional ones, contribute
to enhanced efficiency. With the real-time insights
provided by big data technology, businesses can
monitor and track their current inventory levels. As a
result, big data enables efficient warehouse
management [43]. On the other hand, postal
companies are turning to big data analytics to optimize
their internal operations and are exploring its use
beyond postal data for various other purposes. By
leveraging big data, the postal sector can deliver better
services to customers, improve operational efficiency,
and gain a competitive advantage [44].

4. THE INNOVATIONS THAT DIGITAL
TRANSFORMATION BRINGS TO THE POSTAL
SECTOR (DLITAL DONUSUMUN POSTA SEKTORUNE
GETIRDIGI YENILIKLER)

Innovative technologies in postal service processes
have been developing rapidly in recent years. These
advancements, referring to a range of technologies
employed to make postal services more effective,
efficient, and faster, are utilized by postal operators to
enhance operational efficiency, improve delivery
times, and optimize the customer experience. In this
context, the innovations that digital transformation
brings to the postal sector are presented in Table 1.

Table 1. Digital innovations in the postal sector (Posta
Sektoriindelki Dijital Yenilikler)

Innovations Description

Barcoding Enables automated and accurate
item tracking, improving
processing speed and reliability.
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Computer-
Based Sensors

Uses vision sensors to support
automated  recognition  and
traceability, enhancing delivery
performance.

Tag Learning

Al-based label recognition and

Vehicles and

Software routing, adaptable to new label
Systems formats via specialized interfaces.
Fingerprinting | Identifies items through visual
Technologies | features, enabling label-free
sorting  when  labels  are
missing/unreadable.

OCR Digitizes address/recipient data to
accelerate sorting and reduce
human error and costs.

RFID Provides real-time tracking and
secure monitoring, improving
inventory control and reducing
errors/theft.

Route Algorithmic routing improves

Optimization | delivery efficiency and lowers
costs under traffic and capacity
constraints.

Parcel Secure, contactless last-mile

Lockers option that increases accessibility,
especially in dense areas.

Automation Streamlines repetitive operations
to improve service consistency
and reduce labor-intensive
processing.

Autonomous | Supports faster and potentially

greener delivery, particularly for

Drones remote or hard-to-access
locations.
Smart Sensor-enabled conveyors
Conveyor automate sorting and routing with
Systems high speed and accuracy.
Digitalization | Digitizes documents/workflows
of Business | to improve accessibility,
Processes efficiency, and sustainability.
Mobile Enables  tracking, delivery
Applications | preferences, digital payments,
and real-time customer
communication.
Innovative Integrates flexible delivery modes
Delivery (e.g., lockers, pick-up points,
Models same-day/contactless) for e-

commerce needs.

Chatbots and
IVR

Provides 24/7 automated
customer support and delivery

(Interactive management, reducing workload
Voice and waiting times.
Response)

The rapid adoption of innovative technologies has not
only transformed the operational logic of postal
services but also redefined the sector’s role in meeting

changing customer expectations. These technologies
are increasingly embedded into various stages of
postal processes, from collection and sorting to
transportation and final delivery, in order to enhance
speed, reliability, and service quality. To present this
transformation in a more systematic manner, their
areas of application and impact within postal service
processes are illustrated in Figure 2.

The rapid adoption of innovative technologies has not
only transformed the operational logic of postal
services but also redefined the sector’s role in meeting
changing customer expectations. These technologies
are increasingly embedded into various stages of
postal processes, from collection and sorting to
transportation and final delivery, in order to enhance
speed, reliability, and service quality. To present this
transformation in a more systematic manner, their
areas of application and impact within postal service
processes are illustrated in Figure 2.

N

Figure 2 Digital Transformation Stages in the Postal
Sector (Posta Sektoriindeki Dijital Déniisiim Asamalart)

5. CONCLUSION AND RECOMMENDATION
(SONUC VE ONERILER)

In today’s digital age, the traditional service structure
of the postal sector has undergone a fundamental
transformation driven by technological
advancements. Digital technologies such as artificial
intelligence, big data, the Internet of Things, cloud
computing, blockchain, and robotic process
automation have enabled postal service providers to
enhance operational efficiency, reduce errors, and
improve service quality. These innovations have led
to the digitization and significant automation of
processes such as mail and parcel sorting, shipment
tracking, delivery planning, and customer service.
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The rapid expansion of the e-commerce sector has
further compelled postal service providers to provide
faster and more flexible services in response to rising
demand, making the adoption of digital technologies
a necessity rather than a strategic choice. In this
context, the growing use of parcel lockers has
emerged as a contactless delivery model that
minimizes failed delivery attempts and allows
recipients to collect their parcels at their convenience.
Particularly in densely populated urban areas, these
systems have become a key innovation in last-mile
delivery, representing a practical and effective
application of digital transformation. Moreover,
global crises such as the Covid-19 pandemic have
highlighted the critical importance of this
transformation, as organizations with robust digital
infrastructure were able to sustain operations, while
others faced significant disruptions and bottlenecks.

Moreover, the data-driven approach enabled by digital
transformation has provided postal operators with
significant advantages not only in operational
processes but also in strategic planning, demand
forecasting, and customer segmentation. The analysis
of shipment history, customer behavior, and routing
data allows organizations to make more informed
decisions and offer personalized services. This
transformation has repositioned postal operators from
being merely delivery carriers to becoming data-
oriented digital service providers. However,
sustaining this transformation requires more than just
technological investment; it also depends on
organizational agility, equipping the workforce with
digital competencies, and adopting a forward-looking
strategic vision. Postal enterprises that fail to adapt to
digitalization face the risk of falling behind in an
increasingly competitive market environment.

In the future, the development of a more competitive,
sustainable, and user-friendly postal sector will
heavily depend on the integration of digitalization
strategies with next-generation technologies. First,
micro-mobility solutions—such as electric bikes and
small autonomous delivery robots—can alleviate
urban traffic congestion while enhancing speed and
efficiency in last-mile deliveries. Additionally,
logistics systems supported by augmented reality
(AR) can enable faster and more accurate inventory
management within warehouses. With AR glasses,
employees can easily locate packages, receive
navigation guidance, and manage workloads more
effectively.

Furthermore, digital twin technology offers the
potential to create virtual replicas of operational
processes, particularly in high-volume distribution
centers. This enables real-time monitoring and

simulation to proactively identify and mitigate
potential risks, allowing for improved maintenance,
capacity planning, and bottleneck management.
Sustainability-focused technologies are also expected
to become key drivers in the postal sector of the future.
Solar-powered parcel lockers, electric delivery
vehicles, and digital reporting systems that track
carbon emissions will offer strategic advantages to
environmentally conscious organizations. Al-
powered customer experience platforms will further
enhance competitiveness by delivering personalized
services not only in delivery operations, but also in
complaint handling, service recommendations, and
dynamic pricing. Within this framework, postal
operators that view technology not merely as an
operational tool but as a strategic lever will be well-
positioned to achieve transformative change, both
economically and socially.

In recent years, the postal sector in Tiirkiye has taken
significant steps toward digitalization, and postal
service providers have begun to reshape their
operational processes with advanced technologies.
Barcode and RFID-based solutions enable end-to-end
tracking  of  shipments, thereby increasing
transparency and reliability. OCR systems allow
address information to be read quickly and accurately,
while computer vision-based sensors facilitate the
automatic recognition of parcels. Postal service
providers are also deploying Al-powered forecasting
models and route optimization systems to shorten
delivery times and reduce costs. In addition, smart
conveyor systems accelerate sorting and routing
operations in large distribution centers to enhance
operational efficiency, while robotic process
automation helps reduce repetitive workloads and
contributes to more flexible and error-free processes.

Postal service providers operating in Tiirkiye are
focusing not only on operational efficiency but also on
innovative delivery models designed to improve
customer experience. In particular, smart parcel
lockers, which have become widespread in major
cities, offer consumers flexible and contactless
delivery options, while practices such as same-day
delivery and multiple delivery attempts have
significantly increased customer satisfaction. Real-
time shipment tracking via mobile applications,
digital payment systems, and chatbot-based customer
support services further strengthen user experience. In
addition, environmentally friendly practices such as
the use of electric vehicles and sustainable packaging
solutions are becoming more widespread. All these
developments demonstrate that the digitalization
journey of Tiirkiye’s postal sector is evolving not only
at the operational level but also toward a customer-
oriented, flexible, and sustainable service model.
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In order for the postal sector in Turkey to increase its
future competitiveness and effectively meet customer
expectations, it must shift towards a service model
based on end-to-end digital integration. In this model,
all stages from collection and sorting to transfer,
transport, and last-mile delivery must be supported by
digital technologies. This will enable consumers to
track the entire life cycle of their shipments and
manage the delivery process digitally. As a result, the
postal sector will not only achieve operational
efficiency but also become a customer-focused,
sustainable, and globally integrated digital ecosystem.

The successful and sustainable implementation of
digital transformation in the postal sector is not only
dependent on technological investments but also
requires an effective regulatory structure, inclusive
policy  frameworks, and  multi-stakeholder
collaboration mechanisms. In this regard, strong and
continuous institutional coordination between the
sector’s regulatory authority BTK, and postal service
providers is of critical importance. BTK should act not
only as a supervisory body but also as a facilitator and
enabler of digitalization. Accordingly, it is necessary
to update the regulatory infrastructure to allow the
integration of next-generation technologies—such as
artificial intelligence, blockchain, and robotic process
automation—into the sector, and to define clear rules
and standards in areas such as data security, ethical Al
use, and cybersecurity. Furthermore, BTK should
carry out impact assessments to monitor the
effectiveness of digital transformation practices and
develop compliance criteria.

To make digitalization accessible to all postal service
providers, access to digital infrastructure for small and
medium-sized enterprises must be facilitated. In this
context, inclusive mechanisms should be developed
through state-supported incentive programs, grants,
tax relief, or public-private partnerships. Additionally,
the sector must implement training and certification
programs to enhance the digital competencies of its
human resources. BTK may support these efforts by
setting minimum standards for digital skills and
promoting policies that enhance workforce
qualifications. In conclusion, a holistic regulatory
approach shaped by the principles of legal
compliance, social inclusion, and economic
sustainability will institutionalize digital
transformation and enable the postal sector to evolve
into a more competitive, resilient, and customer-
centric structure.
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Avrupa mobilya sektoriindeki mikro ve kiigiik 6lgekli isletmeler (mikro-KOBI'ler), smirh dijital
beceriler, kisith kaynaklar ve stratejik pazar anlayisinin eksikligi gibi uluslararasilagmanin
oniindeki 6nemli engellerle karsilasmaya devam etmektedir. Bu zorluklara yanit olarak, Erasmus+
Ana Eylem 2 tarafindan desteklenen INT4FURN projesi, ECVET gercevesiyle uyumlu modiiler
egitim yoluyla uluslararas1 is yetkinlikleri olusturmak igin tasarlanmis bir Dijital
Uluslararasilasma Ogrenme Merkezi gelistirmistir. Bu makale, platformun pedagojik yaklastmin,
yapisal tasarimini ve tematik 6grenme modiilleri, ¢ok dilli sozliikler, egitici videolar ve 6z
degerlendirme araglari gibi temel 6zelliklerini inceleyerek elestirel bir analiz sunmaktadir. Nitel
bir vaka calismasi metodolojisine dayanan bulgular, platformun 6zellikle mikro KOBI'lerin
ihtiyaglarina gore uyarlanmis, kullanici merkezli, mobil erisilebilir ve dijital olarak kapsayici bir
o0grenme deneyimi sagladigini gostermektedir. Dijital okuryazarlik ve 6grenci katilimi gibi
zorluklar devam etse de INT4FURN merkezi, mesleki egitime anlamli bir gsekilde katkida bulunan
ve geleneksel imalat endiistrilerindeki dijital ve siirdiiriilebilir doniisiimiin daha genis hedeflerini
destekleyen dlgeklenebilir, yenilik¢i bir ¢6ziim olarak ortaya ¢ikmaktadir.
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Micro and small-sized enterprises (micro-SMEs) in Europe’s furniture sector continue to face
significant obstacles to internationalisation, including limited digital skills, constrained resources,
and a lack of strategic market insight. In response to these challenges, the INT4FURN project,
supported by Erasmus+ Key Action 2, has developed a Digital Internationalisation Learning Hub
designed to build international business competencies through modular training aligned with the
ECVET framework. This paper offers a critical analysis of the platform, examining its pedagogical
approach, structural design, and core features, including thematic learning modules, multilingual
glossaries, instructional videos, and self-assessment tools. Drawing on a qualitative case study
methodology, the findings indicate that the platform provides a user-centred, mobile-accessible,
and digitally inclusive learning experience, tailored specifically to the needs of micro-SMEs.
While challenges such as digital literacy and learner engagement persist, the INTAFURN hub
emerges as a scalable and innovative solution that makes meaningful contributions to vocational
education and supports the broader goals of digital and sustainable transformation within
traditional manufacturing industries.
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1. INTRODUCTION (GIRiS$)

The furniture sector, a significant part of Europe’s
creative industries, reflects the continent’s rich
cultural and design heritage. Despite their strengths in
craftsmanship and innovation, micro and small
enterprises (micro-SMEs) often face considerable
challenges when it comes to internationalisation.
These difficulties are mainly due to limited resources,
low levels of digital preparedness, and a lack of
market intelligence. Such structural constraints are
well-documented in the literature, which shows that
micro-SMEs across various sectors frequently
encounter barriers to entering foreign markets,
including financial limitations, underdeveloped
managerial capacity, and insufficient support
structures [1][2].

Internationalisation is increasingly regarded not only
as a growth strategy but as a vital requirement for
long-term survival in today’s globalised economy,
particularly in traditional sectors such as furniture
manufacturing [3]. However, research indicates that
most micro-SMEs lack structured knowledge and key
competencies in areas such as export logistics, market
entry strategies, and cross-cultural communication. In
many cases, these businesses adopt a reactive rather
than a proactive approach to international markets,
often lacking the strategic frameworks and skill sets
necessary for sustainable global engagement [4].

To address these challenges, the European Union,
through Erasmus+ Key Action 2 (KA220-VET), has
launched several strategic partnerships aimed at
enhancing the internationalisation capacity of
vocational sectors. Within this context, the project
stands out by providing a dedicated Digital Learning
Hub that promotes the development of
internationalisation skills through modular training
aligned with the European Credit System for
Vocational Education and Training (ECVET).

The relevance of such initiatives is underscored by
research highlighting the need for accessible, context-
specific, and scalable training solutions that are
tailored to the practical realities of micro-enterprises
[5]. Digital learning environments have gained
increasing recognition as valuable tools for upskilling
individuals in geographically dispersed and resource-
constrained  contexts.  E-learning  platforms,
particularly those that incorporate mobile learning (m-
learning), have proven their value in delivering
flexible, personalised education to learners from
diverse socio-economic and geographical
backgrounds [6] [7]. These platforms are especially
valuable in supporting ongoing professional
development without disrupting day-to-day business
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operations, an essential consideration for small
business owners and employees operating under time
and budget constraints.

The ECVET framework further enhances the structure
of vocational learning by enabling credit transfer and
recognition across national systems, thus supporting
mobility and lifelong learning across borders. When
embedded in well-designed digital training platforms,
ECVET-aligned modules can significantly improve
the quality, comparability, and recognition of
vocational education outcomes [8].

Bringing together these elements, the project aims to
bridge the knowledge and skills gap in micro-SME
internationalisation ~ through a  user-friendly,
multilingual, and mobile-accessible platform. This
paper presents an academic review of the platform,
analysing its content, pedagogical framework, digital
tools, and its potential to impact the furniture sector.
By addressing both educational quality and
technological accessibility, it offers a replicable
model that contributes to broader policy goals related
to economic resilience, digital transformation, and
sustainable growth within Europe’s creative industries

[6].
2. METHODOLOGY (Yintem)

The Digital Internationalisation Learning Hub's
design, usability, and pedagogical efficacy are
assessed in this study using a qualitative case study
methodology. When evaluating the multifaceted
character of digital learning platforms designed for
micro-enterprises, a case study technique was chosen
because it is well-suited for in-depth, contextual
examination of complex interventions within real-life
settings. Five fundamental aspects of the platform are
the subject of the analysis: (1) User Interface (Ul); (2)
Create a Navigational Design; (3) Accessibility of
Digital Content; (4) Pedagogical Structure and
Learning Objectives; (5) Multilingual materials,
instructional videos, proficiency glossary and self-
assessment tools. A summary of the main steps
implemented is provided in Table 1.

Direct interaction with the platform's publicly
available components (digitalhub.int4furn.eu), a
reading of relevant project documentation, and an
examination of interface behaviour across various
devices and browsers were used to gather data.
Established frameworks in online accessibility (Web
Content Accessibility Guidelines - WCAG 2.1),
instructional design, and usability served as the basis
for key criteria [9][10].
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Components that represent the user's initial experience
and basic architecture were given priority in the
review because full access to all training materials and
interactive features required user registration. Field
notes, screenshots, and comparative checklists based
on worldwide e-learning platform evaluation
standards were used to document observations.
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Table 1 - Summary of Observations and
Recommendations on the INT4AFURN Learning

Platform

Component

Observations

Recommendations

2.1. User
Interface

Modern, clean
interface with
consistent
design; modular
content layout
supports
usability. Needs
improved visual
hierarchy and
interactive
feedback.

Add hover states,
progress indicators,
and clearer content
hierarchy.

2.2.
Navigation
Structure

Intuitive and
shallow
navigation
structure with
valuable
features like
breadcrumbs
and search.
Some sub-pages
lack internal
linking or
contextual
guidance.

Enhance internal
links and add
contextual prompts
on sub-pages.

2.3. Digital
Accessibility

Partially meets
WCAG 2.1
standards with
basic keyboard
access and text.
Need transcripts
for media, Ul
customisation
options, and
better format
accessibility.

Provide transcripts,
subtitle options, and
UI customisation
tools.

2.4.
Learning
Objectives

Modules are
thematically
organised but
lack clear,
measurable
learning
objectives.
Improved
instructional
alignment is
recommended.

Define specific,
measurable
objectives that align
with the module's
content.

2.5.
Instructional
Videos

Training videos
with subtitles
are included,
but not publicly

Make sample videos
publicly available
with subtitles and
descriptions.

accessible.

Metadata lacks

detail on

duration,

pedagogy, and

interactivity.
2.6. Glossary Provide open access
Proficiency supports to selected glossary
Glossary multiple entries and usage

languages and examples.

defines key

terms, but

access is

restricted to

logged-in users.

Offer a demo

2.7. Self- ?:re;t:artegr’ld version, descibe
Assessment | feedback the structure,
Tool mechanism not seoring logic, and

transparent. alignment to

modules.

2.1. User Interface (Kullanici Arayiizii)

The platform presents a modern, clean, and visually
consistent interface that aligns well with current
digital design standards. Its use of a cohesive colour
scheme, legible typography, and generous white space
contributes to a comfortable and accessible user
experience. Graphical elements such as icons and
buttons are seamlessly integrated and intuitively
designed, supporting ease of navigation and
interaction. Content is organised into modular blocks,
which aids cognitive processing and helps prevent
information overload. Interactive features, including
course modules and downloadable resources, are
clearly identifiable and function smoothly across
different devices. Nonetheless, some areas could be
improved by introducing a more pronounced visual
hierarchy and interactive cues, such as hover effects
or progress indicators, to further enhance user
engagement and feedback [11].

2.2. Navigation Structure (Navigasyon Yapisy)

The platform's navigation structure is primarily
intuitive and designed with the user in mind. The main
navigation menu provides direct access to core
sections, including course content, partner
institutions, and learning resources. The structure is
hierarchical yet shallow, enabling users to locate
information within just a few clicks. Features such as
breadcrumbs, a persistent header menu, and search
functionality contribute to a smooth and accessible
navigation experience, particularly for first-time
visitors. However, some sub-pages would benefit
from improved internal linking and more explicit
contextual guidance, which would reduce the need for
users to backtrack. The logical organisation of content
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structured around thematic areas and training modules
supports both content discoverability and knowledge
retention.

2.3. Digital Accessibility (Dijjital Erisebilirlik)

In terms of digital accessibility, the platform
demonstrates partial adherence to the Web Content
Accessibility Guidelines (WCAG 2.1). The site offers
basic keyboard navigability and displays acceptable
contrast ratios between text and background.
Additionally, the inclusion of alternative text for
images and screen-reader-compatible HTML
elements enhances accessibility for users with visual
impairments. However, there are areas requiring
improvement to ensure full inclusivity. For instance,
dynamic elements such as video content and
downloadable files should be provided in accessible
formats (e.g., transcripts, subtitles, or PDFs that are
compatible with screen readers). Moreover, the
absence of customizable Ul options, such as text
resizing or colour contrast adjustments, may limit
accessibility for users with specific needs [12].

2.4. Learning Objectives (@gne Objeleri)

The platform structures its curriculum into seven
thematic modules that address essential dimensions of
internationalisation from "Starting up an International
Business" to "Sustainable Internationalisation”
(digitalhub.int4furn.eu). However, the platform does
not prominently display explicit learning objectives,
such as measurable outcomes (e.g., “able to draft an
export plan”). While the module titles suggest
thematic breadth, an academic evaluation would
recommend the inclusion of clearly defined
objectives, articulated in terms of knowledge, skills,
and application levels. This would support both
instructional coherence and learner self-regulation
[13].

2.5. Instructional Videos (Tanitici Videolar)

According to site metadata, the platform includes
“Instructive and engaging training videos with
subtitles” as a key component of Work Package 4
(digitalhub.int4furn.eu). However, these videos are
not accessible through the publicly available sections
of the platform. Information on their duration,
instructional style (e.g., case-based, lecture-based), or
degree of interactivity is likewise unavailable. To
conduct a comprehensive review of their pedagogical
value and accessibility, particularly regarding subtitle
accuracy and inclusive design, it would be necessary
to access sample videos, which appear to be restricted
to registered users or the full version of the platform.
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2.6. Proficiency Glossary (Yeterlilik Sozliigii)

The platform promotes a “Proficiency Glossary”
intended to clarify key terminology related to
internationalisation and business
(digitalhub.int4furn.eu). The multilingual nature of
the platform is evident, with interface support
available in languages including Turkish, Spanish,
Portuguese, Greek, Estonian, Dutch, and English.
However, access to the glossary itself requires user
registration, preventing a complete evaluation of its
structure, scope, and usability in the public-facing
version of the site.

2.7. Self-Assessment Tool (Oz Degerlendirme Araci)

A self-assessment tool is available within the platform
to support learners in evaluating their readiness for
internationalisation and to offer tailored tutoring
recommendations (http://digitalhub.int4furn.eu).
Access to this feature requires a user login. Once
logged in, users are provided with quizzes, assessment
scales, and personalised feedback reports.

This  methodological framework enables a
multidimensional evaluation of the platform’s
educational and technical qualities [14].

3. SYSTEM DESCRIPTION AND CONTENT
(SISTEM ACIKLAMASI VE ICERIK)

3.1. Platform Structure (Platform Yapis)

The Digital Learning Hub functions as a
comprehensive, open-access e-learning platform
specifically designed to address the upskilling and
digital transformation needs of micro, small, and
medium-sized enterprises (micro-SMEs) operating in
the furniture manufacturing sector. With a
multilingual interface and user-friendly design, the
platform is built to accommodate a diverse user base
across various European regions. Its structure
integrates several key components designed to
enhance accessibility, learner engagement, and
practical relevance.

Thematic Learning Modules. The platform is
organised into seven key modules: Starting up an
International Business, Accessing International
Markets, International Logistics and the International
Value Chain, Managing Market Analytics and
Information, Understanding the Customer, Marketing
to Global Customers, and Sustainable
Internationalisation. Collectively, these modules
cover a wide range of topics central to the
internationalisation of the furniture sector, including
digital innovation, sustainable production practices,
digital marketing, innovative  manufacturing
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technologies, and human capital development. The
modular and sequential structure allows learners to
engage with the content at their own pace, supporting
personalised and goal-oriented learning pathways.
E-Learning-Adapted Content. ~All  educational
materials are adapted explicitly for e-learning
environments, incorporating infographics,
instructional videos, and clear, structured text.
Importantly, all textual content within the modules, as
well as subtitles for video materials, is available in the
seven partnership languages: Turkish, Spanish,
Portuguese, Greek, Estonian, Dutch, and English.
This ensures both linguistic inclusivity and
accessibility for a broad range of learners.
Proficiency Glossary. To support comprehension and
promote a shared understanding of key concepts, the
platform features a multilingual glossary that
facilitates a deeper understanding of the content.
Available in the seven partnership languages, the
dictionary defines essential technical terms related to
internationalisation in the furniture industry, helping
users navigate specialised content across language
barriers.

Self-Assessment Tools. Each module includes a self-
assessment feature designed to encourage reflective
learning. Learners can evaluate their prior knowledge
and track their progress upon completion of the
module, reinforcing learning outcomes and enabling
personalised feedback.

Mobile = Compatibility. ~ Acknowledging  the
importance of flexible learning, the platform is fully
optimised for mobile access across iOS and Android
devices. This ensures that learners can engage with the
content at their convenience, even in remote or
resource-limited settings.

User-Centred and Accessible Design. The platform
architecture is grounded in user-centred design
principles, with an emphasis on intuitive navigation
and adherence to digital accessibility standards, such
as the Web Content Accessibility Guidelines
(WCAGQG). This approach accommodates users with
different levels of digital proficiency and supports
inclusive learning experiences.

Supportive Learning Ecosystem. Beyond its core
learning materials, the platform fosters a broader
educational environment through features such as
discussion forums, progress tracking dashboards, and
access to supplementary resources. These tools
encourage peer interaction and ongoing knowledge
exchange, contributing to the development of a
collaborative community of practice among users.

3.2. Learning Modules (Ogrenme Modiilleri)
The INT4FURN Digital Learning Hub offers a

comprehensive set of learning modules aligned with
the European Credit System for Vocational Education

and Training (ECVET), designed to equip learners,
particularly those in the furniture and wood processing
sectors, with the skills necessary for effective
internationalisation. By adhering to ECVET
principles, the modules support the transfer and
recognition of learning outcomes across national
boundaries, enhancing mobility and the relevance of
vocational training within a European context.

The platform currently features the following seven
modules:

Starting up an International Business: This module
introduces the foundational principles of launching a
business in an international context. Learners explore
the legal, financial, and strategic requirements of
cross-border operations, with emphasis on preparing a
business for global markets. Topics include
international  business planning, legal forms,
partnerships, and risk assessment.

Accessing International Markets: Focused on market
entry strategies and internationalisation pathways, this
module guides learners through export readiness,
market selection, and the regulatory and cultural
considerations of target countries. Case studies
demonstrate successful market entry approaches, and
learners are encouraged to evaluate and compare
multiple strategies to inform their own decision-
making.

International Logistics and International Value Chain:
This module provides insight into global supply chain
structures and logistics operations critical for
international trade. Topics include transportation
modes, warchousing, customs procedures, and digital
tools for logistics management. Learners gain a
practical understanding of how efficient logistics
systems contribute to international competitiveness.
Managing market analytics and information:
Equipping learners with the tools to collect, interpret,
and apply market data, this module emphasises the
importance of informed decision-making. Topics
include competitor analysis, market trend forecasting,
and digital platforms for information sourcing.
Learners are introduced to techniques for managing
information flows and turning data into strategic
insights.

Understanding Customers: This module delves into
customer behaviour in international contexts,
including cultural dimensions, preferences, and
communication styles. Learners explore segmentation
techniques, customer profiling, and buyer personas to
gain a deeper understanding of diverse international
audiences. Real-world examples illustrate how
understanding customer needs leads to successful
engagement.

Marketing to Global Customers: Building on the
previous module, this section focuses on global
marketing strategies, branding, and promotional
channels suitable for international customers.
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Learners are introduced to digital marketing, content
localisation, and multi-channel campaign planning.
The module also addresses ethical marketing and
cultural sensitivity in communication.

Sustainable Internationalisation: Addressing the
growing demand for sustainability in global business,
this module highlights the environmental and social
dimensions of international operations. Learners
explore corporate social responsibility (CSR), eco-
certifications, principles of the circular economy, and
sustainability —reporting. Practical tools help
businesses align their international strategies with
global sustainability goals.

4. EXPECTED IMPACT AND DISCUSSION
(BEKLENEN ETKI VE TARTISMA)

The Digital Learning Hub is anticipated to bring
significant benefits to micro-SMEs in the furniture
sector, particularly across Europe. These benefits are
expected to contribute across several strategic areas,
closely aligned with broader industry objectives
related to modernisation and internationalisation, as
outlined below.

Capacity Building: The platform offers targeted and
sector-specific training modules that focus on
international trade, logistics, digitalisation, and cross-
cultural marketing. These learning opportunities
address a significant skills gap in micro-SMEs,
equipping entrepreneurs and employees with
competencies that are critical for entering and
succeeding in global markets.

Accessibility and Equity: The platform's free access
and multilingual support ensure that learning is
inclusive and not limited by language, geography, or
financial capacity. This is particularly crucial in
empowering underrepresented groups within the
sector, including women, youth, and migrants.
Self-directed Learning: Learners benefit from a
personalised learning experience supported by self-
assessment tools that help identify their strengths,
knowledge gaps, and track progress over time. This
fosters autonomy and increases engagement by
allowing learners to tailor their educational journey
according to individual needs.

Digital Transformation Readiness: By familiarising
users with online learning environments and digital
tools, it contributes to the broader digital
transformation of the furniture sector, which has
traditionally lagged in adopting digital solutions [6].
Sustainability Integration: In line with the European
Green Deal and increasing consumer demand for
sustainable practices, it incorporates modules on
green logistics, eco-friendly packaging, and
responsible sourcing strategies. These elements foster
an understanding of sustainability as a competitive
advantage rather than a regulatory burden.

However, despite these expected benefits, several
challenges must be acknowledged. Digital literacy
remains a barrier for some target users, particularly in
rural regions or among older demographics.
Moreover, sustaining learner motivation in self-paced
environments can be difficult without structured
incentives or community interaction. Finally, long-
term usage and impact depend on ongoing content
updates, institutional support from industry
associations, and empirical monitoring of learning
outcomes and business performance improvements.
Future follow-up studies should aim to capture both
quantitative metrics (e.g., user engagement,
completion rates, business performance indicators)
and qualitative insights (e.g., user satisfaction,
perceived relevance, behavioural changes). These
studies will be instrumental in refining the platform
and ensuring its scalability and adaptability across
multinational and cultural contexts. In conclusion, the
platform represents a forward-looking initiative with
high transformative potential for micro-SMEs in the
furniture industry. Its success, however, will
ultimately hinge on sustained stakeholder
engagement, user-centred design evolution, and
evidence-based impact evaluation.

5. CONCLUSION (soNu¢)

The Digital Learning Hub emerges as a timely and
strategic intervention aimed at addressing the
internationalisation challenges faced by micro-SMEs
in the European furniture sector. By combining
modular, ECVET-aligned content with a user-
friendly, multilingual, and mobile-accessible
platform, it offers a scalable solution to close skills
gaps in areas such as export readiness, market
intelligence, and sustainable business practices. The
platform’s integration of multimedia resources, self-
assessment tools, and inclusive design principles
demonstrates a commitment to both pedagogical
quality and learner accessibility. While the initiative
shows strong potential in fostering digital
transformation and capacity building, its long-term
success will depend on continuous stakeholder
engagement, iterative improvements based on user
feedback, and robust mechanisms for evaluating its
impact. The approach might be expanded to include
allied industries (such as light manufacturing, crafts,
and textiles) and better integrated with national
qualification frameworks to facilitate the official
acknowledgement of learning results.

Future studies should examine both quantitative
indicators (such as user engagement, module
completion rates, and participant export growth) and
qualitative feedback (such as perceived value,
learning impact, and behavioural change) to evaluate
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practical efficacy. These observations will be crucial
for enhancing the platform and informing digital
training plans across various vocational fields.

To summarise, it is a viable, inclusive, and scalable
strategy for enhancing the international expansion
capabilities of micro-SMEs. It has a great chance to
make a significant contribution to the digital and
economic transformation of Europe's manufacturing
and creative sectors with continued stakeholder
collaboration and evidence-based improvement.
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MAKALE BILGiSi OZET
Alnma: : 30.06.2025 Giiniimiizde otomasyon sistemlerinde, 6zellikle plastik enjeksiyon sektdriinde faaliyet gosteren iireticiler igin iiretim
Kabul: 25.11.2025 bandindan ¢ikan nihai iiriiniin kalitesi en onemli etkenlerden biridir. Bu baglamda, iireticiler tiretimin son agamast

olan kalite kontrol iglemlerini minimum hata ile gergeklestirmek istemektedirler. Geleneksel yontemlere alternatif

olarak, tireticilerin ihtiyag¢ ve taleplerine hizli yanit verebilmek igin tam otomasyonlu bir sistem gelistirilmistir. Bu
Anahtar Kelimeler: calismada, plastik enjeksiyon komponentlerinin kalite kontrolinii otomatiklestirmek amaciyla, PLC tabanli goriintii
Gergek zamanli islemeyle siniflandirma ve fiziksel ayrigtirma sistemi tasarlanarak gergeklestirilmistir. Goriintii isleme islemleri,
Python dili ve OpenCV kiitiiphanesi kullanilarak gelistirilmistir. Plastik enjeksiyon numune komponentlerine HSV
renk uzayinda esikleme ve kontur analizi yapilmistir. Kameradan alinan goriintiilerde, RGB’den HSV renk uzayina
yapilan doniisiimler sayesinde komponentlerin rengi ve geometrik sekli basarili bir sekilde tanimlanmistir. OpenCV
kiitiiphaneleri ile desteklenen goriintii isleme algoritmalari kameradan alinan goriintiilerin anlik islenmesini
saglamigtir. Goriintii verileri tizerinden renk ve geometrik sekil tespiti yapilmistir. Tespiti yapilan komponentler, GUI
iizerinden kullanici tarafindan belirlenen hatali renk ve sekil degerlendirilmesi sonucu PLC’ye Modbus RS-232 seri
haberlesme protokolii ile tetikleme sinyali gonderilmistir. PLC, bu sinyali pnomatik silindire ileterek ¢aligmasini

sistemler,

Makine gormesi,
Gorinti isleme,
Nesne Tanima,
Plastik enjeksiyon.

"Sorumlu Yazar saglamigtir. Pnomatik silindirin hareketi sonucunda hatali komponentler, konvey6r hattindan otomatik olarak
e-posta: ayristirllmigtir. Sistem {izerinde yapilan testler kapsaminda, farkli renk ve sekil kombinasyonlarina sahip numune
ayseglakmn@gmail.com komponentler kullanilarak mavi dairede %100, yesil yildizda %95.00, sar1 tiggende %98,33 ve turuncu kare igin ise

%98,33 dogruluk oranina ulagilmugtir.
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Development of Automated Defect Detection System for Plastic Injection
Components using Image Processing and PLC Integration
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Received: 30.06.2025 In today’s automation systems, especially within the plastic injection industry, the quality of the
Accepted: 25.11.2025 final product emerging from the production line is one of the most critical factors for

manufacturers. In this context, manufacturers aim to perform quality control processes, the final
stage of production, with minimal error. As an alternative to traditional methods, a fully automated
system has been developed to quickly respond to the needs and demands of manufacturers. In this
study, a PLC-based system combining image processing for classification and physical separation
was designed and implemented to automate the quality control of plastic injection components.
The image processing tasks were developed using the Python programming language and the
OpenCV library. Thresholding and contour analysis were applied to plastic injection sample
components in the HSV color space. Through the conversion of images from RGB to HSV color
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were evaluated through a user-defined GUI, where defect criteria based on color and shape were
set. If a component matched the defective criteria, a trigger signal was sent to the PLC via the
Modbus RS-232 serial communication protocol. The PLC then activated a pneumatic cylinder,
which physically removed the defective components from the conveyor line. Tests conducted on
the system using sample components with different color and shape combinations yielded
accuracy rates of 100% for blue circles, 95.00% for green stars, 98.33% for yellow triangles, and
98.33% for orange squares.
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1. GIRIS anTRODUCTION)

Son 20 yilda plastik uygulamalarmnin hizli ilerleyisi,
sentetik polimerlerden veya diger malzemelerden
iiretilen ¢ok sayida plastik iiriiniin ortaya ¢ikmastyla
sonuglandt [1]. Plastik malzemeler, giiniimiiz
endiistrilesmis diinyasinda en onemli ve en yaygin
sekilde kullanilan malzemeler arasinda yer
almaktadir. Istenilen niteliklere gére kolayca
sekillendirilebilen yapilar1 sayesinde, hemen her
formda kolayca iiretilebilmekte ve genig bir kullanim
alan1 sunmaktadir. Sertlik, renk, tokluk, geometrik
sekil gibi fiziksel oOzellikleriyle, farkli sektdrdeki
uygulamalar i¢in uygun ¢oziimler saglamaktadir [2].
Bu baglamda, iiretim siireglerinde hiz, kalite ve
verimlilik gibi temel gereksinimlerin
karsilanabilmesi, makine giiciine dayali otomasyon
sistemlerin  kullanimimi  kaginilmaz  kilmaktadir.
Plastik enjeksiyon kaliplama, ytliksek hacimli ve hizli
iretim imkani sunmasiyla otomasyon sistemleri
arasinda plastik {rtinlerin imalatinda yaygin olarak
tercih edilmektedir [3].

Endiistriyel denetim, bir {irliniin piyasaya sunulmadan
once kalite standartlarini karsilayip karsilamadigimin
kontrol edilmesinde hayati bir éneme sahiptir [4].
Uretim hatalarmin en aza indirilmesi, yiiksek kalite
standartlarinda iiriin elde edilmesi ve bu siireglerin
iretim siirecleriyle entegre sekilde yiriitiilmesi,
plastik enjeksiyon komponentlerinin  gerekliligi
arasinda yer almaktadir. Geleneksel kalite kontrol
yontemleri, biiyiik 6l¢iide insan goziine dayali gorsel
denetimlerle smirli kalmaktadir. Bu durum hata
tespitinde gecikmelere yol agmakta ve istenmeyen
sonuclara yol acabilmektedir. Hatalarin geg
farkedilmesi, iiretim verimliligini olumsuz etkiledigi
gibi, kalite standartlarinin strdiiriilebilirligini de
zorlastirmaktadir [S]. Bu nedenle, modern iiretim
hatlarinda kalite kontrol siireglerinin daha giivenilir ve
hizli bir sekilde yiiriitiilebilmesi amaciyla makine
goriisli, goriintli isleme algoritmalar1 ve yapay zeka
destekli sistemler beraber kullanilmaktadir [6]. S6z
konusu teknolojiler ile yliksek kalitede tiriinler elde
edilmesi ve Tlretim siireglerinin kesintisiz sekilde
denetlenmesi miimkiin hale gelmektedir.

Huang vd. [7] kameradan alinan goriintii verileri
iizerinde nesneleri sekillerine gore siniflandirma
islemi yapmuslardir. Siniflandirilan nesneler, yatay
eksende hareket edebilen bir robot kol araciligiyla
farkli bir konuma taginmigtir. Gorilintii isleme
teknikleri kapsaminda kullanilan kenar bulma
algoritmast  ile  yuvarlak nesnelerin  tespiti
gergeklestirilmistir. Robot kol, tespit edilen nesnenin
konumuna gore hareket eden nesneyi kavrayip ilgili
konuma yerlestirmistir.
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Al Kamal vd. [8] metal kauguk kaplama islemi
sonrasinda kusurlarin tespiti i¢in bir makine gorme
sistemi tasarlamiglardir. Gelistirilen sistemde, kamera
vasitastyla FireWire arayiizii tizerinden PCI FireWire
kart1 ile bilgisayara entegre edilmistir. Gortintii isleme
ve analiz siireci; goriintii edinimi, goriinti iyilestirme,
esikleme ve sekil eslestirme adimlarindan
olusmaktadir. Bu yontem, kalite kontrolii saglayarak,
insan kaynakli hatalar1 azaltmaktadir.

Bin Roslan vd. [9] plastik iiriinlerin {iretim siireci
icinde otomatik yiizey kusurlarin tespitini yapmustir.
Kusur tespiti i¢in You Only Look Once adli yontem
Onermisler ve yontemin sistemlere kolayca entegre
edilebilecegine vurgu yapmislardir. Yine 2019 yilinda
Adamo vd. [10] cam yilizeyinde kusurlar igin
kameradan goriintii verileri almislar ve Canny kenar
bulma algoritmas1  kullanarak hata tespitini
saglamustir.

Sengiil vd. [11] {irtinleri renklerine gére ayirmak i¢in
goriintli  isleme teknolojileri kullanarak PLC
tarafindan kontrol edilen bir sistem gelistirmiglerdir.
Bu yaklagimda endiistriyel otomasyon sistemlerde
verimliligin arttirilmasi hedeflenmistir. Yine Liu vd
[12] plastik iiriinlerin yiizeyinde ¢izik ve catlaklar i¢in
CCD kamera ile PLC kontrol biriminden olusan
sistem Onermisler ve ozel aydinlatma sisteminin
gerekliligine deginmislerdir.

Bu c¢alismada, plastik enjeksiyon ile {iretilen
komponentlerin kalite kontroliinii saglamak amactyla
PLC tabanli otomatik goriintii isleme sistem
tasarlanmas1 ve uygulanmasi amaglanmaktadir.
Sistem, {iretim hattindaki {iriinlerde renk veya
geometrik sekil hatalarini gercek zamanli olarak tespit
etmeyi ve bu hatalara uygun otomasyon ile goriintii
isleme teknolojileri kullanarak miidahale etmeyi
amaclamaktadir. Bdylece, hem iiriin kalitesinin
arttirilmasi hem de siirecin dijitallesme ve endiistri 4.0
hedeflerine uygun sekilde otomatiklestirilmesi
saglanacaktir.

2. MATERYAL VE YONTEM (MATERIALS AND
METHODS)

Makine gorme teknolojisiyle calisan kalite kontrol
sistemleri, aydinlatma sistemi, optik goriintiileme
sistemleri, kamera modiilii, goriintii toplama ve
dijitallestirme birimi, goriintli isleme ve karar verme
algoritmalar1 ile PLC destekli kontrol ve uygulama
modiillerinden olusmaktadir [13]. Verilen bu
modiiller {iretim hatlarma entegre edilmis makine
gérme otomasyon sistemini olusturmaktadir.
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Plastik enjeksiyonla iiretilen komponentlerde kalite
kontroliin saglanabilmesi i¢in bu modiiller, ger¢ek
zamanli gorlintii analizi ve otomatik ayrigtirma
stireglerinde birlikte calisacak sekilde
yapilandirilmistir.  Geligtirilen ~ sistemin  genel
mimarisi Sekil 1’de gosterilmistir.

Sekil 1 Sistem Mimarisi (System Architecture)

2.1. Aydinlatma Sistemi (Lighting System)

Goriintii isleme sistemlerinde 151k kaynaginin se¢imi,
algilanacak nesnenin yilizey Ozelliklerine gore
belirlenmelidir. Nesnenin agik veya koyu renkte
olmasi, mat ya da parlak yiizeye sahip olmasi gibi
ozellikler, iizerine diisen 15181 miktarini ve bu 1518
kamera lensi tarafindan algilama kalitesini dogrudan
etkilemektedir [13], [14]. Bu nedenle, goriintiide
miimkiin olan en yiiksek yogunluk degeri elde
edildiginde optimum kontrast seviyesi saglanmali ve
gOriintii isleme algoritmalarimnin basarimi1
artiritlmalidur.

Ote yandan, dogal 151k kaynaklar1 -6zellikle giin 15181-
mevsimsel degisimler, giiniin saatine bagli agisal
farkliliklar ve hava kosullar1 gibi ¢evresel etmenler
nedeniyle istikrarsiz  bir aydinlatma  diizeyi
sergilemektedir. Isik kaynagindaki kararsizlik, giin
15181n1n endiistriyel goriintii isleme uygulamalarinda
istikrarli bir aydinlatma kaynagi olarak kullanilmasini
biliyliik o6l¢iide sinirlandirmaktadir. Bu baglamda,
sistemlerde kontrollii ve sabit 6zelliklere sahip yapay
151k kaynaklarmin tercih edilmesi, algilama dogrulugu
ve kararlig1 agisindan dnemlidir. Calismada, numune
komponentlerin renk ve geometrik sekillerinin
tanimlanmast i¢in aydinlatma sistemi olarak beyaz
serit LED kullanilmigtir. Serit LED, disaridan 11k
almaz bir kutunun igine konveyore dik sekilde
konumlandirtlmistir. Isik yansimalarinin ve olast
parlamalarin 6nlenmesi amactyla kutunun i¢i beyaz
kagitla kaplanmistir.

2.2 Kamera Modiilii (Camera Module)

Makine ile gorme uygulamalarinda, kameranin
irettigi goriintii verisinin kalitesi, goriintii islemenin
dogrulugu iizerinde dogrudan etkili olup sistemin
genel performasmi belirleyen temel unsurlardan
biridir [15]. Goriintii isleme algoritmalari, bu veriler
iizerinde islem yapacagindan kalite kontrol
stireglerinde eksik veri igeren goriintiiler yanlis
degerlendirmelere sebep olmaktadir. Bu nedenle,

kamera  goriintillerinden elde edilen veriler
gOriintliniin iglenme basarimini dogrudan
etkilemektedir.

Son yillarda popiiler olan CMOS goriintiilleme
sensorler, insan makine arayiizleri, makine goriisi,
gozetimle izleme ve nesne tanima gibi uygulamalar
icin tercih edilmektedir [16]. CMOS sensorlerin temel
ozelligi, algilama siirecini piksel seviyesinde hem
analog hem de dijital islemlerle biitiinlestirebilmesidir
[17]. Calismada kullanilan goriintiileme sistemi,
CMOS gorlintii sensorlii bir web kamerasindan
olusmaktadir. Kamera, plastik numune
komponentlerde geometrik sekil ve renk algilamak
icin yiiksek kontrastli goriintlii verileri elde edecek
bicimde konveyor iizerine Sekil 2’de gosterildigi

iizere konumlandirilmistir.

=

Sekil 2 Konveydr Bandinda Kameranin Konumu
(Camera Position on Conveyor Belt)

Kamera sistemi, mekanik stabiliteyi saglamak
amactyla metal profiller ve baglant1 elemanlari ile
konveydr banti kenarina monte edilmistir. Nesnelerin
optimum agiyla algilanabilmesi igin sistem,
ayarlanabilir acgili bir yapiyla desteklenmistir.
Kullanilan kamera bir USB 3.0 baglanti arayiizii ile
bilgisayara baglanmistir. Goriintii isleme yazilimi
araciligryla, konveyor bandi iizerinde hareket eden
nesnelerin renk ve sekil ozelliklerini tespit etmek
iizere kamera goriintiileri analiz edilmistir. Kamera
¢Oziinlirliigli parca boyutuna ve kusur tipine gore
secilmistir.
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2.3 Konveyor Sistemi (Conveyor System)

Konveydr bant sistemleri, endiistriyel sanayi
tesislerinde ve dretim hatlarinda tasimaciligi
otomatiklestirmek = amaciyla ~ yaygin  olarak

kullanilmaktadir. Bu sistemlerde, motorla tahrik
edilen gerilimli kayis mekanizmasi, nesnelerin
belirlenen giizergah boyunca diizenli ve kontrollii bir
sekilde tasinmasini saglamaktadir. Konveyoriin
hareketi i¢cin motorun ¢aligma hizi, sistemin ihtiyacina
gore mekanik diizenekler veya hiz kontrol cihazlari
araciligryla ayarlanabilmektedir.

Caligmada kullanilan konveyor sistemi, iiretim
hattinda nesne algilama ve smiflandirma islemlerine
entegre olacak sekilde yapilandirilmistir.  Bu
mekanizma, motorla tahrik edilen bir bant sistemine
dayanmaktadir ve Sekil 3’te gosterilmektedir. Farkli
renklere ve geometrik sekile ait nesnelerin taginmasi
saglayan ana yapi, konveyor bant sistemidir. Sistem,
banti hareket ettiren tahrik rulosu ile bandin yoniini
ve gerginligini koruyan serbest rulodan olusan iki
silindir etrafina kurgulanmustir.

I

Sekil 3 Konveyor Bant Sistemi (Conveyor Belt System)

Tahrik rulosu, motorun dénme hareketini banda
aktaran aktif eleman olup sistemin hareketini
baslatirken; serbest rulo bandin u¢ kisminda yer
almakta ve pasif bir sekilde donerek bandin gerilimini
ve yonliiliglini dengelemektedir. Bu baglamda bant,
tasima hatti boyunca diizenli ve kesintisiz bir akis
saglamaktadir. Bant iizerinde ilerleyen numune
komponentler, goriintii isleme sisteminin c¢aligma
alanindan -kamera Oniinden- gegirilerek analiz
edilmektedir. Bant 50*20 cm o6lgiilerinde tasarlanmig
ve sistemin kompakt yapisim1  destekleyecek
boyuttadir. Ayrica, mekanik titresimlerin minimize
edilmesi ve zeminle olan temasi dengelemek amaciyla
konveydr initesine kauguk tabanli ayaklar monte
edilmistir.

Sistemin mekanik hareketi, rediiktorlii bir dogru akim
(DC) motor aracilifiyla saglanmakta ve bu yap1 Sekil
4’te verilmistir. Motorun doniis hizi, sistemin
gereksinimlerine  gore elektronik hiz  kontrol
strticiileri  ile  ayarlanabilmektedir. =~ Konveyor
bandimin hareketinden sorumlu olan bu motor, PLC
(Programlanabilir  Lojik  Kontrol)  tarafindan
yonetilmekte ve kontrol sinyalleri yine PLC {izerinden
motor  siiriiciilerine iletilmektedir. Boylece
konveydriin baslatilmast ve durdurulmasi otomatik
olarak gergeklestirilmekte, iglem siliresi sistem
mantigina gore  yonlendirilmektedir. Motorun

caligmasi i¢in gerekli enerji, 5SV-20A 6zelligine sahip
bir gii¢ kaynagindan saglanmaktadir.

Sekil 4 Konveyoriin Hareketini Saglayan Motor
(Motor to Drive the Conveyor)

2.3 Goriintii Boliimlendirme (image Segmentation)

Gorlintii  bolimlendirme, bir goriintiiniin  farkl
ozellikler temelinde birden fazla bolgeye ayrilmasi ve
bu bolgeler arasindan hedeflenen alanlarin ¢ikarilmast
islemidir. Bu ozellikler; gri ton degerleri, renk
dagilimi, doku gibi parametreleri igerebilirken,
c¢ikarilan hedef alanlar tekil bir bolge olabilecegi gibi
¢oklu bolgelerde olabilmektedir [13].

2.4 HSV Renk Uzay1 (Color Space)

Renk tabanli gorlintii isleme algoritmalarinda
RGB’den HSV (Hue Saturation Value) renk uzayina
doniisiim, ozellikle degisken aydinlatma kosullarina
kars1 daha yiiksek bir dayaniklilik saglamasi agisindan
kritik bir rol iistlenmektedir. Bu doniisiim nesne
tespitinde dogrulugu artirmakta ve renk ile parlaklik
bilesenlerinin  birbirinden  bagimsiz olarak
islenebilmesine imkan tanmimaktadir [18], [19].
Bdylece, nesne tanima ve siniflandirma agamalarinda
daha hassas ve kararli analizlerin gergeklestirilmesi
miimkiin olmaktadir.
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Bu ¢alismada, kamera goriintiisii RGB renk uzaymdan
HSV renk uzayina doniistiiriilerek nesne tespiti
gergeklestirilmistir.  HSV  uzayi, o6zellikle renk
tonlarini bilesenlerine ayirarak ayrintili renk analizi
yapmaya olanak tanimaktadir. RGB’den HSV’ye
doniisim, her pikselin yeni bir renk uzay1
koordinatina doniistiiriilmesiyle gerceklestirilmistir.
RGB bilesenleri (R, G, B) normalize edilerek (0-1
araligina) asagidaki denklemler kullanilmistir [20]:

Cinax = max(R,G, B) (1)
Cmin = min(R, G, B) 2)
A= Cmax - Cmin (3)

Hue (H), doygunluk (S) ve parlaklik (V) bilesenleri
sirastyla Denklem (4), (5) ve (6)’ da hesaplanmistir
[20]:

o

0, eger A=0
60° * (% mod6), eger Cpax = R
H = . _ 4
60 *(¥+2), eger Gy =G P
60° (% + 4), eger Cax = B
S=/{
0, eger Cpax =0
A [ Cpax, aksihalde
} (5)
V = Cmax (6)

Denklem (4)’te hesaplanan H degeri 0° — 360°
araliginda, Denklem (5) ve Denklem (6)° da
hesaplanan S ve V  bilesenleri 0-1 arasinda
degismektedir. OpenCV Kkiitiiphanesinde bu bilesenler
8 bitlik formatta (0-255) 6l¢eklendirilmis ve doniistim
islemleri cvtColor() fonksiyonu ile gergeklestirilmistir
[20], [21] .

Elde edilen HSV goriintiistinde belirli bir renk
spektrumuna ait piksellerin tespiti igin OpenCV’ nin
inRange() fonksiyonu kullanmilmistir. Bu fonksiyon
belirlenen alt ve iist HSV esik degerleri arasinda kalan
pikselleri tespit ederek ikili(binary) bir maske
iretmektedir. Maskeleme isleminde hedeflenen renk
spektrumuna sahip pikseller 1(beyaz), digerleri ise
O(siyah) olarak isaretlenmistir [21]. Bu islem
sonucunda, sadece hedeflenen renge sahip bolgeler 6n
plana ¢ikarilmakta, diger alanlar ise bastirilmaktadir.
Tablo 1°de sistemde tanimlanmis olan renklerin HSV
esik degerleri verilmistir. Bu esik degerleri
kodlanarak  ¢aligmada  kullanilacak  numune
komponetlerin HSV renk ve ikili maske goriintiileri
Sekil 5’te gosterilmistir.

Tablo 1 Komponentlerin HSV Esik Degerleri (HSV
Threshold Values of Components)

Renk  AltHSV Esigi Ust HSV Esigi

Sart [24, 90, 0] [32, 255, 255]
Yesil [39, 95, 0] [59, 255, 255]
Turuncu 3, 90, 0] [50, 255, 255]
Mavi [0, 49, 56] [179, 255, 255]

HSV Gorantu Ikili Maske

Mavi Daire - Orijinal

Yesil Yildiz - Orijinal

%

Turuncu Kare - Orijinal

San Uggen - Orijinal

HSV Géruntu ikili Maske

o~

HSV Gorinti

Ikili Maske

San Uggen ikili Maske

Sekil 5 Kullanilan Komponetlerin HSV ve ikili

Maske Goriintiileri (HS V and Dual Mask Images of
Components Used)

2.4.1 Komponentlerin kenar cizgilerinin
belirlenmesi (Determination of edge lines of components)

Geometrik sekillere sahip plastik komponentlerin
sistem tarafindan dogru bir sekilde taninmasi,
sistemin dogru ve uygun tepkiler verebilmesini
saglamaktadir. Goriintii boliimlendirme algoritmalari
arasinda en yaygin ve en etkili yontemlerden biri olan
aktif kontur algoritmasi, nesne tespiti alaninda yiliksek
dogruluk orantyla tercih edilmektedir. Bu algoritma
genellikle nesnenin  kenar  tespiti  amaciyla
kullanilmaktadir. Algoritma  iteratif  olarak
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giincellenen  bir smir  (contour) yapisindan
olugmaktadir. Baglangigta nesnenin  ¢evresine
yerlestirilen bu sinir, her yinelemede nesnenin gergek
kenarlarina dogru ilerleyerek, hedef nesnenin
sinirlarin1 hassas bir sekilde tanimlamaktadir [22].
Ikili maske goriintiisiinden elde edilen nesne
sinirlarmin  tespiti  igin  OpenCV  kiitiiphanesinin
gerekli fonksiyonlart kodlanmistir. Bu yontem,
goriintiideki beyaz piksellerin olusturdugu dis siirlari
izleyerek ilgili nesnelerin konturlarini
belirlemektedir.  Bahsedilen  ydntemin  nesne
iizerindeki uygulanmig hali Sekil 6’da verilmistir.
Dogrudan renk segmentasyonuna dayali bu yaklagim,
gercek zamanli uygulamalarda hem islem siiresini
azaltmakta hem de hedef nesnelerin daha kararlt bir
sekilde tespit edilmesini saglamaktadir.

.
- \
| i
l : | I I |
Sekil 6 Komponentlerin Smir  Cizgilerinin
Cikarilmasi ( ‘Removing the Boundary Lines of Components)

2.4.2 Sekil tanima (Shape recognition)

Caligmada, ¢ikarillan konturun kose noktalari
iizerinden geometrik sekil tanimlamalart yapilmistir.
Nesne ¢evresi hesabi igin OpenCV’nin “arcLength”
fonksiyonu, kenar says1 bilgisi i¢in yine OpenCV’nin
“approxPolyDP” fonksiyonlar1 kodlanmustir.
Nesnenin ¢evre hesabi sonrast kontur boyutu
hesaplanarak kenar sayisinin analizi sonucunda
geometrik sekil bilgisi elde edilmistir. Caligmada
kare, tiggen, yildiz, daire sekilleri kullanilmis ve
bunlarin tespiti yapilmistir. Bu sekillerin sistem
tarafindan taninmasina iliskin goriintiiler Sekil 7°de
sunulmustur.

ll ¥
o 3 =
l : Al‘ u

Sekil 7 Komponentlerin Sekil ve Renk Bilgisi (Shape

and Color Information of Components)

Kontura  bagli  analizler

gergeklestirilmistir:

asagidaki  sekilde

Ucgen: Kontur iizerinde ii¢ kenarm tespit edilmesi
durumunda, nesne belirgin koselere sahip bir liggen
olarak siniflandirilmstir.

Kare: Konturda dort kenarin ve bu kenarlarin birbirine
esit uzunlukta olmasi ile birlikte 90°’lik acilarin
bulunmasi1  seklin kare olarak taninlanmasi
saglamaktadir.

Yildiz: Bes koseye sahip konturlar, yildiz formunda
bir nesne olarak degerlendirilmistir.

Daire: Kenar ¢izgilerinin diizglin ve siirekli bir egri
olusturdugu ve kose barindirmayan konturlar, daire
olarak siniflandirilmstir.

Plastik enjeksiyon pargalarinin sekil biitiinliigiinii
analiz etmek ve iretim siirecinde siirecinde ortaya
cikabilecek bozulmalari belirlemek amaciyla bu
yontem kullanilmistir.

2.5 PLC Kontrol Unitesi (PLC Control Unit)

PLC’ler, giinlimiiz otomasyon sistemlerinde yaygin
olarak kontrol birimi olarak tercih edilmektedir.
Kolay programlanabilir olmasi karmagik siireglerin
kontroliinii basit hale getirmektedir. Hem bilgisayar
hem de kontrol panelleri iizerinden programlanabilir
olmasi, esnek ve giincellenebilir bir kontrol imkani
sunmaktadir [23]. PLC’ler giris biriminden aldig1
sinyalleri  milisaniye = mertebesinde  kodlanan
algoritmaya bagl olarak igleyerek, islem sonuglarini
cikis  birimlerine iletmektedir. Bu baglamda,
stirekliligi saglanarak ger¢cek zamanli sistemler igin
giivenilir bir ortam olusturmaktadir.
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Calisma kapsaminda, plastik enjeksiyonla iiretilen
komponentlerin hata tespiti ve kalite kontrol
stireglerinin otomatik olarak ytiriitiilmesi amaciyla, bir
gorlintii isleme sistemi PLC tabanli bir kontrol
yapisina entegre edilmistir. Master-Slave mimarisi
temelinde tasarlanan sistemde, PLC Slave birim
olarak gorev yapmaktadir. Bilgisayar ile PLC
arasindaki iletisim seri haberlesme protokoliiyle
saglanmaktadir. Sistemde deLAb MultiDAS marka
PLC kullanilmigtir. Sistemle entegre calisan PLC,
bilgisayardan iletilen komutlar1 analiz ederek;
konveydr bandimni durdurma, yeniden galistirma ve
hata verilerini sistemden fiziksel uzaklastirma gibi
operasyonel siirecleri kontrol etmektedir. PLC kontrol
iinitesine ait role baglantilarina iligkin gerekli bilgiler
Sekil 8’de verilmistir.

Goriintii isleme
HSV Donlistim
Siniflandirma

Dijital Tetik

(OKING) 1

Kamera

Dijital Girisler

A 4

PLC

* Role Cikiglar

Réle Gikiglari » Alarm Cikigi

) 4

T

Konveydér Motoru
Pnomatik Silindir

Buzzer/
ikaz Lambasi

Sekil 8 PLC Baglantisi (PLC Connection)

Uretim hattindaki komponentlerin anlik durumlarinin
izlenebilmesi igin dijital giris birimleri kullanilmistir.
Bu girigsler 12V DC gerilim ile aktive edilmistir.
Dijital ¢ikislar, hata algilama sonrasinda konveyor
mekanizmasinin  durdurulmast ya da yeniden
calistirilmasma yonelik komutlarin uygulanmasinda
gorev almaktadir.

Bilgisayar ile PLC arasindaki veri iletimi Modbus RS-
232 iletisim protokolii ile saglanmustir. Sistem ile PLC
arasindaki  seri iletisimin  kurulabilmesi igin
haberlesme  parametreleri  asagidaki  sekilde
yapilandirilmigtir:

Baund Rate: 19200
Data Bits: 8
Parity: Yok

Stop Bits: 1
Timeouts: 5 ms

Oooood

Belirtilen bu ayarlar dogrultusunda, bilgisayar ile PLC
arasinda dogrudan fonksiyon kodlanarak iletisim
saglanmustir.

2.6. PLC ile Goriintii isleme Sistemi Arasinda

Haberlesme (Communication Between PLC and Image
Processing System)

Caligmada, goriintii isleme algoritmalar1 tarafindan
gergeklestirilen analizler sonucunda, komponentlerin
renk ve sekil oOzelliklerine gore smiflandirilmasi
yapilmaktadir. Sistemin harekete ge¢mesi gerektigi
durumlarda PLC’ye ASCII tabanli komutlar (6rnegin
“PC O\r”, “PC 1\, “PC 2\r”) iletilmektedir. Bu
komutlar dogrultusunda PLC, ilgili rdle ¢ikislarini
devreye alarak konveydr bandinin hareketini
durdurmakta ya da yeniden baglatmaktadir.
Uygulanan kontrol stratejisi, gelen komutlara bagl
olarak yazilim destekli bir mantikla gelistirilmistir. Bu
yapi, klasik Ladder diyagrami yaklasiminin yerine
geemistir.  Sistemin c¢aligma mantigt su sekilde
kurgulanmigtir:

Bagslangic  Durumu  (PC 1):  Sistemin
calistirilmasiyla birlikte PLC, izleme moduna gegerek
tetiklenmeye hazir hale gelir.

Hata Algilama Durumu (PC (0): Bir hata tespit
edildiginde “PC 0” komutu gonderilerek konveyor
bandimin durdurulmasi saglanir.

Ikincil Miidahale veya Gecikmeli Yamt (PC 2):
Omegin  hatali  iiriin  mavi  daire  olarak
tanimlandiginda, sistemin bekleme moduna ge¢mesi
i¢in “PC 2” komutu kullanilir.

Stfirlama ve Hazirlik (PC 1): Bekleme siiresi
tamamlandiginda, yeniden “PC 1” komutu ile sistem
baslangi¢c durumuna dondiiriiliir ve yeni bir dongiiye
hazir hale gelir.

Gonderilen her bir komut, ilgili ¢ikis biriminin aktif
ya da pasif hale getirilmesini saglayan bir kontrol
sinyali  islevi gormektedir. PLC tarafindan
yorumlanan bu sinyaller dogrultusunda elde edilen
veriler, sistemin gilincel durumu hakkinda bilgi
sunmak lizere bilgisayara aktarilmaktadir. Bu bilgiler
kullanici arayiizli {izerinden izlenebilmektedir. Seri
haberlesme protokolii ile iiretim hatti iizerinde
dogrudan kontrol saglanmakta; bir hata algilandiginda
sistem otomatik olarak devre digi birakilmakta ve
tanimlt  slire sonunda tekrar c¢alisir duruma
getirilmektedir. Pnomatik sistemler, sikistirilmig hava
enerjisinden  yararlanarak  mekanik  hareketin
olusturulmasini saglayan teknolojidir [24]. Bu ¢aligma
kapsaminda, hatali komponentlerin = konveyor
hattindan  otomatik  sekilde  uzaklastirilmasini
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saglamak amaciyla, pnomatik silindirle ¢aligan bir
itme mekanizmas: tasarlanmistir. Goriintii igleme
algoritmast  tarafindan  tespit edilen  hatal
komponentler, PLC aracilifiyla tetiklenen bir ¢ikis
sinyaliyle isleme alinmaktadir. Pnomatik silindir ileri
yonde hareket etmektedir. Silindirin ucunda bulunan
piston kolu, iretim hattinda yer alan kusurlu
komponenti fiziksel olarak sistemden
uzaklagtirmaktadir. Hatali komponentin sistemden
tamamen uzaklastirilmast ig¢in konveyoriin en ve
boyut Olgiilerine uygun olarak pnématik silindirin
strok mesafesi 20 cm olarak belirlenmistir. Pnomatik
silindirli sistemin igleyis siireci agagidaki adimlarla
gerceklesmektedir:

1. Konveyor iizerinde komponent, kamera
tarafindan taranir ve goriintii isleme birimine aktarilir.

2. Eger algilanan komponent, sistemde tanimli
renk ve sekil eslesmelerinde sapma gdsteriyorsa, bu
durum hatali komponent olarak siniflandirilir.

3. PLC, bu smiflandirma bilgisine bagl olarak
pnomatik silindirin ¢aligmasini tetikleyen sinyali
retir.

4. Silindir ileri yonde hareket ederek kusurulu
iiriinii Getim hattindan uzaklastirir.

5. Uriiniin digar1 atilmasinin ardindan piston kolu
baslangi¢ pozisyonuna doner ve sistem, siradaki {iriin
icin yeniden hazir konuma gelir.

2.7 Grafiksel Kullanic1 Arayiizii (GUI) (Graphical
User Interface)

Endiistriyel  otomasyon  sistemlerinde  iiretim
sireclerinin ~ etkin ve hatasiz bir bi¢imde
yonetilebilmesi, goriintii isleme, hata tespiti ve veri
analizi gibi islemlerin kullaniciya anlasilir bir arayiiz
araciligryla sunulmasiyla miimkiin olmaktadir. Bu
baglamda, grafik kullanici arayiizii (GUI),
kullanicilarin sistemle dogrudan etkilesime gegmesini
ve  siliregleri anlik  olarak  izleyebilmesini
saglamaktadir.

Bu ¢alismada, GUI islemleri Python dili ve Tkinter
kiitiiphanesi  kullanilarak gelistirilmistir. Arayliz,
komponentlerin anlik olarak hata tespiti siireclerinin
takibi, sistemin parametrelerinin ayar1 ve PLC ile
haberlesmenin yonetilmesinde goérev almaktadir.
Bahsedilen arayiiz goriintiisii Sekil 9’da sunulmustur.

f Nesne ... — O X

Renk Segin:

mavi v
Sekil Segin:
daire
Akig Gecikme (saniye):
2

Akig Algilama Sonrasi Gecikme (saniye):

2
Renk Algilama Sonrasi Gecikme (saniye)

2

Baglat
Durdur

Sekil 9 GUI Arayiizli (GUI Interface)

Kullanici  arayiizii  iizerinden ¢esitli  sistem
parametrelerinin yapilandirilmas1 miimkiindiir. Bu
kapsamda; renk ve sekil tanimlamalar ile sistemin
yalnizca belirlenen renk ve geometriye sahip
nesnelerin hatali olarak siniflandirilmasi saglanmaistir.
Akis algilama sonrasi gecikme siiresi, konveyor
bandinin  durdurulma ve yeniden c¢alistirilma
stirelerinin  kullanic1 istegine gore esnek bigimde
diizenlenmesine olanak tanimaktadir. Renk algilama
sonrast gecikme siiresi ise sistem hatali komponenti
tespit ederse konveyoriin durma ve yeniden baglama
siiresi yine kullanici istegine birakilmistir. Baglat
komutu, sistemin video akigimni isleyebilmesi igin
gerekli olan goriintli isleme algoritmalarimi devreye
sokar ve PLC iletisimini baglatmaktadir. Durdur
butonu ise, islem siiresini manuel olarak sonlandirir ve
PLC ile haberlesmeyi keserek sistemin kontroliinii
kullaniciya birakir. S6z konusu sistem tasarimi,
plastik komponentlerin iiretim siirecinin dinamik
olarak yonetilmesine imkan tanirken, kalite kontrol

asamalarimin da titizlikle yiiriitiilmesini
saglamaktadir.
BULGULAR (RESULTS)

Bu ¢aligma kapsaminda gelistirilen sistem, farkli renk
ve geometrik sekillerdeki komponentlerin gergek
zamanli olarak tespit edilmesini, siniflandirilmasini ve
PLC araciligiyla hatali komponentlerin sistemden
uzaklagtirilmasi igin fiziksel miidahale yapilmasi



Aysegiil INCEKARA, Sabri KOCER, Saban GULCU / Bilisim Sistemleri ve Yonetim Arastirmalart Dergisi 7 (2). (2025) 163-174 164

gerceklestirilmistir.  Yapilan uygulama, OpenCV
tabanli goriintli isleme algoritmalar1 ve Tkinter GUI
ile desteklenmistir. Bu yap1, kullanict etkisimi
sayesinde esnek ve etkin kontrol mekanizmasi imkani
sunmaktadir. Deneysel uygulamalar sonucunda elde
edilen bulgular asagida verilmistir.

[1 Sistem, HSV renk uzayinda tanimlanan esik
degerleri ile sar (ii¢gen), yesil (y1ldiz), turuncu
(kare) ve mavi (daire) renkli numune plastik

komponentleri basarili bir sekilde
tanimlayabilmistir.

[l Kontur analizine dayali sekil tanmimlama
algoritmast ile geometrik  siniflandirmalar

dogrulukla gergeklestirilmistir. Kare ve daire gibi
belirgin geometrik sekillerin ayrimi yiiksek
basariyla yapilmistir.

[J  Kullanicr arayiizii iizerinden segilen renk ve sekil
kombinasyonlar1 dogrultusunda, yalnizca taniml
komponentler iizerinde islem yapilmistir.
Gelistirilen ~ sistem, gereksiz  tepkimeleri
onleyerek yiiksek segicilik gdstermistir.

[J Uygulama swrasinda  kullanici  tarafindan
belirlenen gecikme parametreleri ile iiretim hatti
iizerinde zamanlama kontrolii saglanmustir.

[J Modbus RS-232 seri haberlesme protokolii
izerinden PLC’ye gonderilen komutlarla
pnomatik sistemler etkin sekilde tetiklenmistir.
Belirlenen hatali komponentler iiretim hattindan
fiziksel olarak uzaklastirilmistir.

[]  Gergeklestirilen testlerde, her biri 5 tekrar
iizerinden olmak tizere toplam 20 komponent (5
sar1 liggen, 5 turuncu kare, 5 mavi daire, 5 yesil
yildiz) konveyor bant iizerinde dongiisel olarak
sisteme dahil edilmistir. Hedef komponent,
sistem tarafindan dogru sekilde tespit edilmis ve
yalnizca bu hedef i¢in PLC ¢ikig1 Giretilmistir.

Sistemin  siniflandirma  bagarimi  dort  temel
performans olgiitii ile degerlendirilmistir: kesinlik
(Precision), duyarlilik (Recall), dogruluk (Accuracy)
ve F1 Skoru.

Kesinlik, sistemin yalnizca dogru parcgalarda dogru
¢ikis portlarini aktif ettigi, yanlis siniflandirmalarda
gereksiz portlart aktif etmedigini gosteren metriktir.
Matematiksel ifadesi Denklem (7)’de verilmistir [25].

Kesinlik =TP / (TP + FP) @)

Duyarlilik, sistemin gergek pozitif 6rnekleri ne 6lgiide
dogru bigimde taniyabildigini ifade eden metriktir.
Matematiksel ifadesi Denklem (8)’de verilmistir [26].

Duyarliik =TP /(TP + FN) ®)

Dogruluk, sistemin tiim karar anlarindaki dogruluk
oranini ifade etmektedir. Matematiksel ifadesi
Denklem (9)’da verilmistir [27].

Dogruluk = TP + TN/ (TP + FP + TN + FN) (9)

Hassasiyet ve duyarliligi rek bir degerde birlestiren
F1, bu iki metrigin dengesini harmonik ortalama
yoluyla o6lger; FP/FN’ nin sonucu belirledigi
durumlarda en islevsel gostergelerden biridir.
Matematiksel ifadesi Denklem (10)’da verilmistir
[25], [26].

F1 =2« HASSASIYET * DUYARLILIK |
(HASSASIYET + DUYARLILIK) (10)

Bu metrikler, sistemin simniflandirma performansini
kapsamli bigimde degerlendirmektedir. Kalite kontrol
stirecinde yalnizca genel basar1 orami degil, hatali
griinleri  kagirma egilimi ve gereksiz ayirma
tetiklemeleri de sistem performasi agisindan 6nem
tagimaktadir.

Caligmada, 1000 test islemleri iizerinden elde edilen
konfiizyon matrisi Sekil 10’da gosterilmistir. Ayrica,
farkli renk ve sekil kombinasyonlar1 i¢in hesaplanan
performans metrikleri Tablo 2°de sunulmustur.

250

Mavi-Daire

Yesil-Yildiz

Gergek Etiket

Turuncu-Kare  Sari-Uggen

- 100

=50

0 0 0

Turuncu-Kare

Ye$i|-lYl|dIZ San.d;gen
Tahmin Edilen Etiket

Sekil 10 Konfiizyon Matrisi (Confusion Matrix)

Mavi-Daire

Tablo 2 Renk ve Sekil Kombinasyonlarinin
Performans Sonuglari (Performance Results of Color and

Shape Combinations)
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veya renklerin birbirine yakin olmast durumlarinda

Renk kil Precisi F1 . . . . ..
Kf)ltlnb‘iﬁasszo;lan reilSIO Recall  Accuracy Score sistemin dogruluk oraninin azaldig1 goézlemlenmistir.
Mavi- Daire 1.00 1.00 1.00 1.00 Mavi daire ve turuncu kare bilesenlerinde diger
Yesil- Yildiz 1.00 0.80 0.80 0.88 kO{nblnasyonlarlna kiyasla elde edilen dflha yiiksek
) dogruluk oranlarinin, hem renk doygunlugu/kontrasti
Sar1 -Uggen 0.83 1.00 1.00 0.90 hem de geometrik sadelik ile iliskili oldugu
Turuncu- Kare 1.00 1.00 1.00 1.00 diistiniilmektedir. Mavi ve turuncu tonlar1 HSV renk

Tablo 2’deki veriler incelendiginde, basari orani
1.00°e yaklastikca sistemin bagart dogrulugunun
arttig1 gortiilmektedir. Bu baglamda, sistemin renk ve
sekil kombinasyonlarint ayirt etmede yiiksek
dogruluk sagladig1 belirlenmistir. Ozellikle mavi daire
ve turuncu kare kombinasyonlart %100 basari ile
tespit edilirken, diger kombinasyonlarda dogruluk
oranlart %95 ile %98.33 arasinda degismistir.

TARTISMA (DISCUSSION)

Bu ¢aligsmada gelistirilen goriintii isleme algoritmalari
ile PLC tabanli hata tespit ve siniflandirma sistemi,
iretim hatlarinda gercek zamanli kalite kontrol
uygulamalart igin etkili bir ¢6ziim sunmaktadir.
Sistem, kamera araciligiyla almman goriintii verileri
iizerinden renk ve sekil analizini Dbasariyla
gerceklestirerek  yalnizca kullanicinin - belirledigi
parametrelere sahip bilesenler iizerinde islem
yapmaktadir. OpenCV kiitiiphanesi  kullanilarak
gelistirilen sistemde, HSV renk uzay1 ve kontur
tabanli sekil tanima yontemleri renk ve sekil ayrimmin
etkin bigimde yapilmasina olanak tanimustir.

Sistem modiiler bir yapida tasarlanmistir. Ozellikle
¢oklu is pargacigi (threading) kullanimi sayesinde
goriintii isleme siireci ile kullanici arayiizii birbirinden
ayrilmig, boylece sistemin kararliligi artirilmistir.
Ayrica, Tkinter tabanli kullanic arayiizii araciligryla
parametrelerin kolaylikla ayarlanabilmesi, sistemin
farkli  senaryolara  adapte  uyarlanabilirligini
saglamistir. Bu yapi, degisken iiretim ortamlarinda
farkli renk ve sekil kombinasyonlarinin hedeflenmesi
acgisindan 6nemli bir durumdur.

Sistem, kullanici tarafindan belirlenen
kombinasyonlar1 algiladiginda Modbus RS-232 seri
haberlesme protokolii iizerinden PLC’ye sinyal
gondermekte ve pnomatik silindiri tetiklemektedir. Bu
durum, yazilim ve donanim bilesenlerinin senkronize
calisabildigini gostermektedir. Bununla birlikte,
sistem performansini dogrudan etkileyen fiziksel
faktorler de bulunmaktadir. Ozellikle kamera agcisi,
151k kosullar1, nesne konumu ve kamera ¢oziiniirliigi
gibi  degiskenler  simiflandirma  dogrulugunu
etkileyebilmektedir. Testler sirasinda 151k yansimalari

uzayinda birbirinden net bigimde ayrilabildiginden,
renk esikleme asamasinda segmantasyon hatalari
azalmaktadir. Ayrica daire ve kare seklindeki, kontur
tabanli tanima i¢in kdse tespiti ve kontur biitiinliigii
bakimidan daha kararli yapilar sunmaktadir. Buna
karsilik en fazla hata yesil yildiz ve sar1 iiggen
arasinda goézlemlenmistir. Bu durum, iki par¢anin
renk tonlarmin yakin spektral aralikta bulunmasi ve
geometrik  kenar kontrastlarinin  benzer olmasi
nedeniyle HSV tabanli segmentasyon algoritmasinin
sinir  degerlerinde  karisgiklik  olusturmasindan
kaynaklanmistir.  Bazi  Orneklerde  aydinlatma
degisimleri ve yansimalari, renk bilesenlerinin dogru
sekilde ayrigtirmasini zorlastirmustir.

Caligmada kullanilan gekil tanima algoritmast esas
olarak kontur kose sayisina dayanmaktadir. Bu
yaklasim, daha karmagsik geometrik sekiller veya
birlesik nesneler i¢in yetersiz kalabilmektedir. Bu
sinirlamanin giderilmesi i¢in gelecekte derin 6grenme

tabanli modelleme yontemleri ve kontur-kenar
bilgisini birlestiren hibrid yaklagimlar
degerlendirilebilir.

Sistemde ayarlanabilir gecikme siireleri, plastik
enjeksiyon komponentlerinin iiretim hizina gore
optimizasyon yapilmasina olanak tanimaktadir.
Ancak, zamanlama konusunda hassas durumlarda
gercek zamanl isletim sistemleri (RTOS) kullanimi
gerekli olabilir.

Sonug olarak, gelistirilen sistem gorlintii isleme
temelli otomatik hata tespitinde ylisek performans
sergilemis ve diisik maliyetli bilesenlerle
uyarlanabilir bir ¢6ziim sunmustur. Bununla birlikte,
yliksek hiz gerektiren veya iiriin ¢esitliligin fazla
oldugu iiretim hatlarinda sistemin hem donanimsal
hem de algoritmik acgidan daha ileri diizeyde
iyilestirilmesine ihtiyag¢ bulunmaktadir.

SONUC (CONCLUSIONS)

Yapilan caligmada, plastik enjeksiyon
komponentlerinin siire¢lerine yonelik gelistirilen
goriintli  isleme kullanilarak nesne algillama ve
ayiklama sistemi sunulmustur. Python programlama
ile gelistirilen sistem, OpenCV Kkiitiiphanesi
kullanilarak ger¢ek zamanli olarak renk ve geometrik
sekil analizi yapilmistir. Goriinti  islemeyle
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tanimlanan kriterlere uymayan komponentler tespit
edilmis ve PLC iizerinden miidahale edilmistir.

Sistem, HSV renk araliklar1 ve kontur analizi
yontemleri sayesinde farkli renkteki (sari, turuncu,
mavi, yesil) ve farkli geometrik sekillerdeki (iiggen,
kare, daire, y1ldiz) komponentleri yiiksek dogrulukla
siiflandirmistir. Caligmada 5 sar1 iiggen, 5 turuncu
kare, 5 mavi daire ve 5 yesil yildiz olarak toplamda 20
komponent iizerinden test islemleri
gergeklestirilmistir. Her test senaryosunda kullanilan
kullanici arayiizii tizerinden tek bir komponent hatali
iriin tammlanmis ve sisteme rastgele siralarla
gonderilmigtir. Tanimli hedef komponent, sistem
tarafindan algilandiginda dogru sekilde PLC’de
tetikleme sinyali itretilmistir. Diger komponentlere
kars1 herhangi bir tepki vermemistir. Tiim senaryolar
her kombinasyon igin 50 tekrar ile yliriitiilmiistiir.
Toplam 1000 o&rnek Tizerinde test islemleri
gergeklestirilmistir. Sistem, 950 dogru ve 50 yanlig
siniflandirma ile %95 dogruluk oranina ulastlmigtir
Bu yoniiyle sistem, yiiksek secicilik ve hassasiyet
gOstermistir.

Performans degerlendirmeleri sonucunda; mavi daire
ve turuncu kare kombinasyonlarinda %100 dogruluk,
diger kombinasyonlarda ise %95 ile %98.33 arasinda
dogruluk oranlar1 elde edilmistir.

PLC ve goriintii isleme siiregleri, kodda milisaniye
bazli zamanlayici aracilifiyla  denetlenmistir.
Kullanilan webcam ile 12 FPS (saniyede 12 kare)
hizinda alman goriintiiler, yaklasik 83 milisaniyede
bir kare iretilmektedir. Yapilan Ol¢limlerde, bir
komponentin tespiti, islenmesi ve PLC’ye gerekli
komutun gonderilmesi iglemleri 83 ms siirmektedir.
Bu siire zarfinda sistemin ger¢ek zamanlilik
kriterlerini sagladig1 ortaya koyulmustur.

Sistemde, konveyor bant lizerinde nesnelerin yaklagik
her 12 saniyede bir gectigi varsayimiyla caligilmistir.
Yiireyen bant {lizerinde nesnelerin daha sik ve hizli
gelisi, sistem performansinda aksamalar meydana
getirebilmektedir. Nesneler konveyor bant iizerinde
yatay eksende gonderilmektedir aksi halde kamera
sekli goremeyecek ve sekil tanima islemi
gerceklesmeyecektir.  Gergeklestirilen  deneysel
sartlarda sistem, dakikada yaklasik 5 {irlinii tarayarak
hatali lirlinii ayristirma bolgesine gondermektedir.

Gelistirilen sistem; kullanici etkilesimli kontrol, esnek
parametre ayar1 ve entegre PLC kontrolii sayesinde,
plastik enjeksiyon iiretim hatlarinda kalite kontrol
islemlerine uygulanabilir, diisiik maliyetli ve etkili bir
¢Ozlim sunmaktadir. Bu yoniiyle ¢alisma, endiistriyel
otomasyon ve yapay gérme uygulamalari i¢in 6nemli
bir 6rnek teskil etmektedir.

ONERILER (SUGGESTIONS)

Caligma siiresince edinilen bulgular ve gdzlemler
dogrultusunda, sabit HSV renk esikleri yerine
cevresel aydinlatma kosullarina uyum saglayabilen
dinamik esikleme algoritmalarinin entegrasyonu ile
sistemin farkli 151k kosullarinda daha kararli ¢aligmasi
miimkiin hale gelebilir. Ayrica, kullanilan kameranin
¢Oziinlirliigiiniin arttirllmast daha hassas kenar ve
kontur tespitine olanak taniyabilir; bununla birlikte,
endiistriyel kameralarin tercih edilmesi sistem
performansini daha da iist seviyelere tasiyabilir. Eger
nesnelerin cesitli acgilardan degerlendirilmesi
gerekiyorsa, sisteme ¢oklu kamera destegi eklenerek
i¢ boyutlu veri analizi yapilabilir ya da ylizey
kusurlarini tespit edebilen ileri goriinti isleme
teknikleri entegre edilebilir. Bu tiir gelismeler,
sistemin daha st diizey silirlimlerine temel
olusturabilir ve sanayide gorintii islemeyle PLC
entegrasyonu ¢oziimlerinin daha genis bir kullanim
alanina yayilmasina olanak saglayabilir.
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Atiklarin  dogru bigimde ayrigtirilmasi, siirdiiriilebilir ¢evre yonetimi ve geri doniigim
sistemlerinin etkinligi agisindan biiyiik 6nem tagimaktadir. Bu c¢aligmada, RealWaste veri
setinden elde edilen goriintiler kullanilarak dokuz farkli atik tiiriinii otomatik olarak
smiflandiran derin 6grenme tabanli bir yaklagim gelistirilmistir. Caligma kapsaminda, VGG,
ResNet, DenseNet, EfficientNet, Inception, MobileNet ve Xception gibi farkli mimari
ailelerinden toplam on bes dnceden egitilmis evrisimsel sinir ag1 (ESA) modeli, transfer 6grenme
ve ince ayar (fine-tuning) teknikleriyle yeniden egitilmistir. Sinif dengesizligini azaltmak i¢in
veri artirma ve smif agirliklandirma stratejileri uygulanmis; modeller dogruluk, hassasiyet,
duyarlilik, F1 skoru ve karmasiklik matrisi dlgiitleriyle degerlendirilmistir. Ayrica, modellerin
karar stireclerini agiklanabilir kilmak amaciyla Grad-CAM gorsellestirmeleri kullanilmistir. Elde
edilen sonuglar, DenseNet201, EfficientNetB2 ve Xception mimarilerinin yiiksek dogruluk,
giiclii genelleme kabiliyeti ve tutarli siif bazli performanslariyla 6ne ¢iktigini gostermektedir.
Bu bulgular, derin transfer 6grenme yaklagimlarinin agiklanabilir yapay zeka destekli akilli atik
smiflandirma sistemlerinde etkin ve siirdiiriilebilir ¢6ziimler sundugunu ortaya koymaktadir.
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Accurate segregation of waste is of great importance for sustainable environmental management
and the efficiency of recycling systems. In this study, a deep learning—based approach is
developed to automatically classify nine different categories of waste using images obtained
from the RealWaste dataset. A total of fifteen pre-trained convolutional neural network (CNN)
models from various architectural families, including VGG, ResNet, DenseNet, EfficientNet,
Inception, MobileNet, and Xception, were retrained using transfer learning and fine-tuning
techniques. To reduce class imbalance, data augmentation and class-weighting strategies were
applied, and the models were evaluated using accuracy, precision, recall, Fl-score, and
confusion matrix metrics. Additionally, Grad-CAM visualizations were employed to enhance the
interpretability of the models’ decision-making processes. The experimental results revealed that
the DenseNet201, EfficientNetB2, and Xception architectures stood out with their high accuracy,
strong generalization ability, and consistent class-wise performance. These findings demonstrate
that deep transfer learning approaches, supported by explainable artificial intelligence, provide
effective and sustainable solutions for the development of intelligent waste classification systems
that can be integrated into mobile or embedded platforms.
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1. GIRIS avrroDUCTION)

Sanayilesmenin hiz kazanmasi, kentlesmenin
yayginlagmasi ve tiikketim aliskanliklarinin degismesi,
giinlimiizde ciddi ¢evresel sorunlarin  ortaya
¢tkmasma neden olmustur. Bu sorunlarin baginda,
kontrolsiizce artan kati atik iiretimi gelmektedir.
Diinya genelinde her yil milyarlarca ton atik ortaya
¢itkmakta ve bu atiklarm biiyiik bir kismu ya diizensiz
depolanmakta ya da ¢evreye zarar verecek sekilde
bertaraf edilmektedir [1]. Atiklarin bu sekilde
yonetilmesi, dogal kaynaklarin hizla tiikkenmesine,
cevre kirliligine ve sera gazi emisyonlarmin
artmasina yol agmaktadir. Bu baglamda, atiklarin
etkili bir bigimde ayristirilmast ve geri doniisiim
siireclerinin optimize edilmesi, siirdiiriilebilir ¢evre
yonetimi agisindan kritik bir gereklilik haline
gelmistir [2].

Atiklarin  siniflandirilmasi,  geri  doniisiim
oranlarinin  artirllmasinda ve attk  yOnetim
sistemlerinin  otomasyonunda merkezi bir role
sahiptir. Ancak bu siireg, Ozellikle karmagsik atik
tiirlerinin bulundugu ortamlarda manuel yontemlerle
olduk¢a zahmetli, zaman alici ve maliyetlidir.
Ayrica, insan  kaynakli  hatalar, = manuel
siniflandirmanin  dogrulugunu diigiirmekte ve geri
doniisiim stireglerini verimsiz hale getirmektedir [3].
Bu nedenle, atik smiflandirma sistemlerinde
teknolojik ¢oziimlere olan ihtiya¢ artmakta ve yapay
zekd tabanli yaklagimlar 6n plana ¢ikmaktadir [4].
Yapay zekanin bu sistemlere entegre edilmesi, bilgi
islemeyi optimize eder ve akilli karar alma
stireglerini destekler [5].

Son yillarda yapay zekanin bir alt alani olan derin
ogrenme, Ozellikle goriinti  isleme  temelli
uygulamalarda gosterdigi yiiksek basar1 ile atik
siniflandirma sistemlerinde umut vadeden bir ¢6ziim
olarak degerlendirilmektedir [6]. Evrisimsel sinir
aglar1 (ESA), cesitli atik tiirlerinin gorsel 6zelliklerini
yiksek dogrulukla ayirt edebilme yetenekleri
sayesinde bu alanda sik¢a kullanilmaktadir [7].
Transfer 6grenme teknikleri ise dnceden biiyiik veri
setleri lizerinde egitilmis modellerin  yeniden
kullanilmasim1  miimkiin  kilarak, smirli  veriyle
yiiksek dogruluk elde edilmesini saglamaktadir [8].

Ayrica smiflandirma performansi kadar 6nemli bir

diger husus da modelin kararlarimin
aciklanabilirligidir. Giiniimiizde gelistirilen birgok
yapay zekd modeli, "kara kutu" olarak

degerlendirilmekte ve bu durum kullanicilarin
sistemlere gilivenini azaltmaktadir. Bu sorunun
istesinden gelmek igin gelistirilen agiklanabilir
yapay zeka (AYZ) araglari, derin &grenme
modellerinin nasil karar verdigini anlamaya yodnelik
gorsellestirmeler ve dikkat haritalar1  sunarak,
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sistemlerin  seffafligin1  ve kullanici

artirmaktadir [9].

giivenini

Bu calisma, siirdiiriilebilir ¢evre yonetimi igin
kritik 6neme sahip olan atik smiflandirma siireglerini
yapay zekd temelli yontemlerle ele almakta ve
transfer Ogrenme ile desteklenmis derin sinir
aglarinin performansini degerlendirmeyi
amaclamaktadir. Ayn1 zamanda, agiklanabilir yapay
zekd yaklasimlar ile sistemin karar mekanizmalari
analiz edilmekte ve model ¢iktilarmin
yorumlanabilirligi ortaya konulmaktadir. Bu yoniiyle
calisma hem smiflandirma basarimint hem de
kullanic1 giivenini 6n planda tutan biitiinciil bir
yaklasim sunmaktadir.

2. LITERATUR TARAMASI (LITERATURE REVIEW)

Atiklarin dogaya biraktigi iz her gegen giin
derinlesirken, bu izleri dogru okuyabilmek ve
dontistiirebilmek giderek daha hayati bir mesele
haline gelir. Atigin yalnizca bertaraf edilmesi degil;
tiirtine gore dogru bir bigimde ayristirilmasi, ¢evresel
stirdiirtilebilirligin  temel taslarindan biri olarak
karsimiza ¢ikar. Ancak bu siireg, hala biiyiik oranda
insan giiciine dayanir ve bu durum hem verimliligi
hem de dogrulugu smirlandirir. Iste tam da bu
noktada, teknolojinin sundugu olanaklar devreye
girer. Gorlintii isleme ve yapay zekd alaninda
yasanan hizli gelismeler, atiklar1 yalnizca gorsel
olarak taniyabilen degil, ayn1 zamanda kategorize
edebilen sistemlerin Oniinii agar. Derin 6grenme
mimarileri ise bu doniisiimde kilit rol oynar; ¢ilinkii
onlar, bir goriintiiniin ardindaki anlami1 insan benzeri
bir sezgiyle kesfedebilme giicline sahiptir. Atigin
icindeki bilgiyi okumak, bu teknolojilerle artik bir
hayal degil, siirdiiriilebilir bir ¢éziimiin pargasidir.
Literatiirde bu teknolojilerin atik ydnetiminde nasil
kullanildigii ve hangi mimarilerin one ¢iktigini
incelemek, bu ¢alismanin temelini olusturur.

Al-Mashhadani  [10], attk  gorintiilerinin
siniflandirilmasinda  farklih  ESA mimarilerini
(ResNet50, GoogleNet, InceptionV3, Xception)
karsilagtirmis ve InceptionV3 mimarisinin %100 F1
skoru ile en yiliksek basartyr gosterdigini rapor
etmigtir. Bu c¢alisma &zellikle mimari karsilagtirma
acisindan degerlidir ancak yalnizca smirli model
se¢imiyle gergeklestirilmistir.

Younis ve Obaid [11], EfficientNet mimarisini
RealWaste veri seti iizerinde test ederek %96,31
dogruluk oranmi elde etmislerdir. Bu model, diisiik
parametre sayisiyla yiiksek dogruluk saglayarak
mobil ve gomiili sistemlerde uygulanabilirligini
gostermistir. Bu yoniiyle ¢calismamizda EfficientNet
mimarisine dzel ilgi gosterilmistir.
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Qiu ve arkadaglarnt [12], ger¢ek zamanl
uygulamalar i¢in optimize edilmis EfficientNetV2
tabanli bir model Snermis ve %95,4 dogruluk orani
ile hem hizli hem de giivenilir sonuglar sunmustur.
Bu caligma, model boyutu ile dogruluk arasindaki
dengeyi vurgulamasi agisindan énemlidir.

Yalgin, Cebeci ve Altioklar [13], saha
kosullarinda toplanmis RealWaste veri seti ile ¢alisan
bir smiflandirma modeli gelistirmis ve %89,19
dogruluk orani elde etmigtir. Bu ¢aligma, veri setinin
gercek yasamdan alinmasi nedeniyle literatiire
onemli bir uygulamal katki sunmaktadir. Ayn1 veri
seti  bu calismada da  kullanilarak  model
karsilagtirmasi  daha genis kapsamli  sekilde
yapilmustir.

Kunwar ve arkadaglar1 [14], plastik atiklar
simiflandirmak  igin ~ YOLO-11m  mimarisini
kullanarak %98.03 dogruluk elde etmislerdir. Bu
model, nesne tespiti ile sniflandirmay: birlestirmesi
bakimindan diger ¢aligmalardan ayrilmaktadir.

Narayan [15], DeepWaste adli bir mobil
uygulama gelistirerek, ESA tabanli siniflandirmanin
mobil  cihazlarda  gergek  zamanli  olarak
uygulanabilirligini  gdstermistir.  Bu  yoniiyle
calismamiza benzer bicimde gOmiili sistemlere
uyarlanabilirlik temasi1 tagimaktadir.

Selvaraju ve arkadaglart [16] tarafindan Onerilen
Grad-CAM yontemi, ESA modellerinin karar verme
stireglerini gorsellestirerek aciklanabilirligi
artirmakta ve kullanicilarin modelin neden belirli bir
smift sectigini anlayabilmesini saglamaktadir. Bu
calismada da Grad-CAM gorsellestirmeleri, modelin
dikkat  ettigi  bolgeleri  anlamak  amaciyla
uygulanmustir.

Mazloumian ve arkadaslar1 [17], gida atiklart igin
ESA tabanli bir simiflandirma modeli sunmus ve
yliksek basart oranlari bildirmistir. Ancak ¢aligmada
kullanilan veri seti yapay ortamda
olusturuldugundan, gercek diinya genellemesi
siirlidir.

Guo, Xu ve Wu [18], siiperpiksel temelli 6zellik
¢ikarimi  ile ESA  Dbirlesimini deneyerek, atik
smiflandirmas1  i¢in daha sofistike bir yap:
onermislerdir. Ancak basari oram1i %90’ altinda
kalmustir.

Badrinarayanan ve arkadaglar1 [19], atik
goriintiileri i¢in dogrudan olmasa da goriinti
segmentasyonu i¢in dnerilen SegNet yapisinin bu tiir
gorevlerde etkili olabilecegini gostermistir.

Alade, Jegede ve Fakorede [20], mevcut
caligmalar1 inceleyen bir literatiir aragtirmasi yaparak

farkli modellerin dogruluklarini karsilagtirmig, ancak
Grad-CAM gibi aciklanabilirlik yontemlerine yer
vermemistir.

EfficientNet mimarisini 6neren Tan ve Le [21], bu
aglarin daha diisiik parametre ile yiiksek dogruluk
sunabildigini gostererek model dlgekleme konusunda
literatiire onemli katki sunmustur.

VGG mimarisinin mucitleri  Simonyan ve
Zisserman [22], ¢ok katmanli yapilarla goriinti
siiflandirmada basariyi artirabileceklerini gostermis,
bu model daha sonra atik siniflandirma gibi alanlarda
da sik¢a kullanilmaya baglanmuistir.

He ve arkadaslar1 [23], residual blok yapisiyla
derinligi artirirken 6grenme kaybini dnleyen ResNet
mimarisini 6nermis, bu model de &zellikle detayli
simiflandirma gereken veri setlerinde 6ne ¢ikmustir.

Shorten ve Khoshgoftaar [24], 6zellikle veri azlig
bulunan projelerde veri artirmanin siniflandirma
basarisin ciddi oranda iyilestirdigini gostermistir. Bu
nedenle, caliyjmamizda da smif dengesizligi veri
artirmayla giderilmeye caligilmistir.

Bu c¢alismalarin 1s18inda, mevcut literatiiriin
ozellikle siniflandirma basarimi odakli ilerledigi,
ancak modellerin agiklanabilirligine veya mobil
sistemlere entegrasyon potansiyeline yeterince yer
verilmedigi dikkat ¢ekmistir. Yapilan incelemelerde,
pek ¢ok arastirmanin sinirli sayida modelle caligtigini
ve yalnizca dogruluk oranlart ile sonuglan
degerlendirdigini goriilmiistiir. Bu durum, modellerin
davraniglarini anlama ya da uygulamali sistemler i¢in
karar verme asamalarinda bazi belirsizliklere neden
olmaktadir. Literatiirde atik siniflandirmasi alaninda
yapilan pek c¢ok c¢alismada yiiksek dogruluk
oranlarina ulasilmigtir; ancak bu ¢aligmalarin ¢ogu ya
0zel veri kiimeleri ile siirh kalmis ya da smirh
saylida modelle yapilmistir. Bunun yaninda, derin
o6grenme modellerinin  agiklanabilirligine iliskin
degerlendirmeler de ¢ogu zaman g6z ardi edilmistir.
Bu c¢alismada hem bu eksiklikleri gidermek hem de
gercek diinya verileri iizerinde calisan kapsamli ve
karsilastirmalt bir model degerlendirmesi sunmak
amaclanmistir. RealWaste gibi sahadan elde edilmis,
smif dengesizligi iceren bir veri seti kullanilarak
toplamda on bes farkli model test edilmistir. Bu
yoniiyle ¢alisma, literatiirdeki birgok Ornekten
ayrilmakta ve daha kapsamli bir cerceve
sunmaktadir. Ayrica Grad-CAM gibi agiklanabilirlik
araglar1 kullanilarak modellerin karar mekanizmalari
gorsellestirilmistir. Literatiirdeki bu eksikligi fark
ederek, 6zellikle karar verme siireclerine 151k tutmay1
ve smiflandirma basarisinin arkasindaki nedenleri
aciklamay1 amaglanmustir.
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Dolayisiyla bu c¢alisma, sadece performans
karsilastirmast  yapan bir model karsilagtirma
caligmasi olmanin &tesinde; agiklanabilirlik, gercek
diinya senaryolar1 ve uygulanabilirlik gibi faktorleri
de barindiran daha biitiinsel bir yaklasimla
hazirlanmistir.

3. YONTEMLER (METHODS)

Atik  smiflandirma  probleminin  ¢6zlimiine
yonelik olarak gelistirilen sistem, goriintii isleme
temelli derin 6grenme teknikleri tizerine kuruludur.
Ozellikle transfer 6grenme yaklagimi benimsenmis
ve c¢esitli onceden egitilmis evrisimsel sinir aglar
kullanilarak model egitimi  gergeklestirilmistir.
Onerilen calismanim yontemi Sekil 1°de sunulmustur.

Basla
Veri Seti Segimi

" Veri Onigleme 7J

" veriArtirma  *

Dondiirme Kaydirma Kesme Kenar Bogluklan Doldurma Zoom Flip

> Model Segimi ve Transfer Learning ~
Model Egitimi
Model Degerlendirme

Accuracy, Precision, Recall, F1 Score Confusion Matrix Grad-CAM

Bitir

Sekil 1. Onerilen ¢aligmanin akis semasi
(Flowchart of the proposed study)

Bu caligma, derin 6grenmeye dayali bir goriintii
siniflandirma  modelinin  gelistirilme  siirecini
sistematik bir sekilde ele almaktadir. Siireg, veri ile
baslamakta ve model degerlendirmesine kadar devam
eden bir dizi ardistk adimdan olusmaktadir. Ilk
asamada, smniflandirma goérevine uygun bir veri seti
secilerek ¢alismanin temel bileseni olusturulur.
Secilen veri seti {izerinde ¢esitli 6n igleme adimlar
gergeklestirilir. Bu islemler, modelin daha hizli ve
kararli  6grenmesini desteklemek  amaciyla
gercgeklestirilir. Modelin belirlenmesinin ardindan
egitim silireci baglar. Egitimin ardindan, model
performanst  ¢esitli  degerlendirme  kriterleriyle
Olciilir. Bu kapsamda dogruluk (accuracy),
hassasiyet (precision), duyarlilik (recall) ve F1 skoru
gibi metriklerle modelin basarisi nicel olarak analiz
edilir. Ayrica, karmagiklik matrisi (confusion matrix)
araciligryla modelin her sinifa iligkin dogru ve yanlis
tahminleri ayrintili olarak incelenir. Modelin karar
mekanizmalarinin daha anlagsilir hale getirilmesi igin
Grad-CAM yontemi uygulanarak modelin hangi
goriintii bolgelerine odaklandigi gorsellestirilir.

Calismada kullanilan veri seti, saha kosullarinda
elde edilen ve ¢esitli atik tiirlerini temsil eden yiiksek

¢Oziiniirliklii goriintiilerden olugmaktadir. Bu veriler,
modelin gercek diinya senaryolarinda
uygulanabilirligini test etme acisindan biiyiik dnem
tasimaktadir.

Verilerin  siniflandirilmast  amaciyla Python
programlama dili ve TensorFlow/Keras
kiitiiphaneleri kullanilarak derin 6grenme tabanli bir
egitim siireci yiriitilmiistir. Egitim asamasinda,
egitim/validation/test ayrimi dikkatle yapilmis, veri
artirma  yontemleri ile smiflarin  dengesizligi
azaltilmaya g¢alisilmistir. Ayrica, erken durdurma ve
model checkpoint gibi stratejilerle egitim siiregleri
optimize edilmistir.

Model performanslari, yalnizca dogruluk orani ile
degil; aym1 zamanda kayip degerleri, karisiklik
matrisi ve Grad-CAM gorsellestirmeleri  gibi
yontemlerle kapsamli sekilde analiz edilmistir.

3.1. Veri Seti (Dataset)

Bu c¢alismada kullanilan wveri seti, gilincel ve
sahadan elde edilmis nitelikteki RealWaste veri
kiimesidir [13,25]. RealWaste, atik smiflandirma
alanindaki arastirmalara katki saglamak amaciyla
olusturulmus, yiiksek ¢oziiniirlikli ve etiketlenmis
atik gorsellerinden olusan bir veri setidir [4]. Veri
seti, Avustralyanin Wollongong bolgesinde yer alan
Whyte’s Gully Atik ve Kaynak Geri Kazanim
Merkezi'nde ¢ekilmis fotograflardan olusmaktadir
[4,17]. Bu baglamda, veri seti ger¢ek diinya
kosullarin1 yansittig1 igin laboratuvar ortamlarinda
iiretilen yapay verilerle karsilastirildiginda ¢ok daha
zorlu ve gergekei bir test ortami sunmaktadir.

RealWaste veri seti toplamda 4.752 adet renkli
goriintli  icermektedir.  Gorsellerin  ¢Oziiniirligii
524x524 piksel olarak sabitlenmistir. Her bir gorsel
JPEG formatinda olup, farkli aydinlatma ve arka plan
kosullar1 altinda ¢ekilmistir. Bu ¢esitlilik, derin
o0grenme modellerinin genelleme yetenegini artirmak
acisindan  6nemli  bir avantaj sunmaktadir.
Goriintiiler, 9 ana kategori altinda etiketlenmistir:
plastik, cam, metal, kagit, karton, tekstil, organik
gida, bitki ve karigik atik. Siniflar dengeli olacak
sekilde dagitilmamis olup, bu durum model
performansi iizerinde dogrudan etkili olabilmektedir.
Bu nedenle veri 6n isleme siirecinde veri artirmmi
yontemlerine ihtiya¢ duyulmustur.

Veri setinin en dikkat ¢ekici 6zelliklerinden biri,
saha kosullarinda elde edilmis olmasidir. Gorseller,
atiklarin dogrudan ayristirma bandi {izerinde dogal
halleriyle ¢ekilmistir. Bu durum hem simniflandirmayi
zorlastirmakta hem de gelistirilen modellerin ger¢ek
sistemlerdeki basar1 diizeyini test edebilmek igin bir
firsat sunmaktadir.
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Tablo 1. Veri setinin sinif dagilimi ve veri artirim
sonrasi esitlenme durumu
(Class distribution of the dataset and the balancing status after
data augmentation)

Egitim | " C
Toplam {g’eri Artirnm1 | Dogrulama | Test
Simf Veri Savisi Sonrasi Verisi Verisi
Sayist | S Egitim (%15) | (%15)
(%70) ..
Verisi
Karton
Atiklar 461 322 369 70 69
Organik
(Gida) 411 287 369 63 61
Atiklar
Cam
Atklar 420 294 369 63 63
Metal
Atiklar 790 553 369 119 118
Karigik
Atiklar 495 346 369 75 74
Kagit
Atiklar 500 350 369 75 75
Plastik
Atiklar 921 644 369 139 138
Tekstil
Atiklar 318 222 369 49 47
Bitki
Atiklar 436 305 369 66 65
Toplam
Veri 4752 3323 3321 719 710
Sayisi

Bu ¢alismada kullanilan Real/Waste veri setinin
smif bazli dagilimi ve wuygulanan veri artirmu
igleminin etkileri Tablo 1'de Ozetlenmistir. Siniflar
arasinda belirgin bir dengesizlik bulundugundan,
modelin  tim  smiflarda etkin  bir  sekilde
Ogrenebilmesi i¢in egitim verisine yonelik c¢esitli
doniisiimler  uygulanmugtir.  Ozellikle — “Tekstil
Atiklar” ve “Organik (Gida) Atiklar” gibi daha az
temsile sahip simiflar igin veri artirimi yoluyla 6rnek
sayis1 369'a artirilirken, “Plastik Atiklar” ve “Metal
Atiklar” smniflarinda veri indirgeme yapilarak ornek
sayis1 369'a indirgenmistir. Boylelikle, her simif igin
dengeli bir egitim ortami saglanmis ve olasi 6grenme
sapmalarinin Oniine gegilmistir. Egitim seti, toplam
veri kiimesinin yaklasik %70’ini olusturmakta olup
kalan veriler dogrulama ve test amaciyla ayrilmistir.
Bu diizenleme, modelin hem genelleme basarisini
artirmak hem de dengesiz smif dagilimmdan
kaynaklanabilecek dogruluk kayiplarin1 azaltmak
amactyla gergeklestirilmistir.

Sonu¢ olarak RealWaste veri seti, atik
siniflandirma alaninda c¢alisan arastirmacilar igin
kapsamli, cesitli ve gergekei bir test ortami
saglamaktadir. S6z konusu veri seti kullanilarak
gesitli derin 6grenme mimarileri egitilmis, elde
edilen sonuglar literatiirdeki diger c¢aligmalarla
karsilastirilmustir.

Karton Atiklar Cam Atiklar

Organik (Gida) Atiklar

Sekil 2. Veri setinden alinan her sinafa ait 6rne

goriintiiler
(Sample images from each class in the dataset)

3.2. Derin Ogrenme Modelleri (Deep Learnings Models)

Bu caligmada, goriintii siniflandirma gorevini
yerine getirmek amaciyla farkli mimari yapilara
sahip on bes farkli evrisimsel sinir ag1 (ESA) modeli
tercih edilmistir. Bu modeller; VGG16, VGGI19,
ResNet50, ResNet101, ResNetl52, EfficientNetBO,
EfficientNetB1, EfficientNetB2, EfficientNetB3,
DenseNet121, DenseNet169, DenseNet201,
InceptionV3, Xception, MobileNetV2'dir. Her bir
modelin mimarisi, derinligi, parametre sayist ve
hedef sistemlere uygunluk durumu g6z Oniinde
bulundurularak degerlendirilmistir.

3.3. Veri On lsleme ve Veri Artirma (Data
Preprocessing and Augmentation)

Modelin genel performansint artirmak ve
overfitting (asir1 6grenme) riskini azaltmak amaciyla
veri On isleme ve veri artirma adimlan titizlikle
uygulanmistir. Oncelikle tiim goriintiiler 224x224
piksel boyutlarima yeniden boyutlandirilmis, boylece
tim modellerle uyumlu giris boyutu saglanmistir.
Ardindan gortintii degerleri 0-255 araligindan 0-1
araligimma normalize edilmistir. Bu islem, modelin
daha hizli  ve stabil sekilde Ogrenmesini
saglamaktadir.

Veri seti, egitim (%70), dogrulama (%15) ve test
(%15) olmak iizere ii¢ alt kiimeye ayrilmistir. Bu
ayrim, her smif i¢in dengeli olacak sekilde rastgele
yapumustir.  Ayrica smuflar arast Ornek sayisi
farkliliklarin1 dengelemek amaciyla egitim verileri
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iizerinde gesitli veri artirma teknikleri uygulanmaistir.
Bu teknikler sunlardir:
e Rastgele dondiirme (rotation range=25)
e  Genislik ve yilikseklik kaydirmalar1
(shift range=0.1)
Kesme (shear range=0.1)
Yakinlastirma (zoom_range=0.15)
Yatay ¢evirme (horizontal flip)
Kenar bosluklarini doldurma
(fill_mode="nearest")

Bu artirma islemleri, siniflar arasi dengesizligi
azaltmanin yant swra modelin asir1t  0grenme
(overfitting) problemini engellemesine de yardimei
olmustur. Aym1 zamanda goriintiilerin  ¢esitli
varyasyonlar1 iizerinden 6grenme yapan modeller,
gercek diinya senaryolarina daha iyi genellenebilir
héle gelmistir.

Bunlara ek olarak, simif dengesizliklerinin model
performansina etkisini azaltmak icin sif agirliklart
hesaplanmis ve model egitimine entegre edilmistir.
Boylece azinlikta kalan smiflarin grenilmesi igin
modelin daha fazla odaklanmasi saglanmistir.

Bu veri 6n isleme ve artirma stratejileri, 6zellikle
karmasik ve siniflar arasi benzerligin yiiksek oldugu
atik tiirlerinde smiflandirma dogrulugunu artirmada
etkili bir rol oynamistir. Tiim bu adimlar, modelin
daha dengeli, giivenilir ve genellenebilir g¢iktilar
iretmesini saglamistir.

3.4. Model Performans Degerlendirme (aodel
Performance Evaluation)

Model  egitimi, derin 0grenme tabanl
simiflandirma  sisteminin  basarisini  dogrudan
etkileyen en kritik asamalardan biridir. Bu ¢aligsmada,
farkli mimarilere sahip toplam 15 adet Onceden
egitilmis model (VGGl6, VGG19, ResNet50,
ResNet101, ResNetl52, MobileNetV2,
EfficientNetB0-B3, DenseNet121-201, InceptionV3
ve Xception) transfer 0grenme yontemiyle yeniden
egitilmistir.

Egitim silireci boyunca, modellerin temel
katmanlar1 ilk etapta dondurularak yalnizca son
katmanlart egitilmis; ardindan tiim katmanlar agik
hale getirilerek ince ayar (fine-tuning) yontemiyle
egitim siireci tamamlanmistir. Boylece Onceden
Ogrenilmis  evrensel  Ozelliklerin ~ korunmasi
saglanirken, yeni gorev Ozelinde detayli 6grenme
gergeklestirilmistir.

Model egitimi sirasinda, asagida Dbelirtilen
stratejiler uygulanmistir:
e Optimizasyon Yontemi: Tiim modellerde
Adam optimizasyon algoritmast
kullamilmigtir. Baslangic 6grenme orant

genellikle 1le-4 olarak belirlenmis ve
gerektiginde dinamik olarak diigiirilmiistiir.

e FErken Durdurma (Early Stopping): Modelin
dogrulama basarimi belirli bir sayida epoch
boyunca artmadiginda egitim
sonlandirilmisgtir. Bu sayede asir1
O0grenmenin Oniine gegilmistir.

e  ModelCheckpoint: Egitim stiresince
dogrulama dogrulugu en yiiksek olan
modelin agirliklar1 kaydedilmistir.

e Ogrenme Orant Azaltma
(ReduceLROnPlateau): Dogrulama
kaybinda iyilesme gbzlenmediginde

O0grenme orani azaltilmig ve modelin yerel
minimumlara ulagsmasi tesvik edilmistir.

Egitim islemleri, her biri 30 epoch’a kadar
stirmekte olup, batch size degeri 32 olarak
belirlenmistir. Modelin sinif dengesizliklerine karsi
duyarliligin artirmak amactyla
compute class weight yontemiyle hesaplanan sinif
agirliklart da egitim fonksiyonuna entegre edilmistir.

Tiim modeller, ayni egitim ve dogrulama
verileriyle test edilerek adil bir karsilagtirma ortami
saglanmistir. Egitim siireci boyunca elde edilen
dogruluk ve kayip degerleri grafiksel olarak analiz

edilerek, = modellerin ~ 6grenme  davraniglari
gbzlemlenmistir.
Bu yapilandirmalar  sayesinde = modellerin

genelleme yetenekleri maksimize edilmis ve gercek
diinyadaki atik siniflandirma problemlerine daha
uygun hale gelmeleri saglanmugtir.

Model degerlendirme, derin 6grenme tabanli
siniflandirma sistemlerinin basarim diizeyini 6lgmek,
dogruluklarint ve genellenebilirlik kapasitelerini
anlamak agisindan kritik 6neme sahiptir. Bu siirecte
kullanilan  metrikler, modelin yalnizca dogru
tahminlerini degil, ayn1 zamanda hangi tiir hatalar1 ne
siklikla ve hangi siniflarda yaptigimi da ortaya
koyarak daha kapsamli bir analiz yapilmasini saglar.
Bu galismada, atik smmiflandirma gorevinde egitilen
modellerin  performanst;  dogruluk  (accuracy),
hassasiyet (precision), duyarlilik (recall), F1 skoru,
karigiklik matrisi (confusion matrix) ve Grad-CAM
gorsellestirmeleri gibi yaygin Olgiitlerle detayh
bicimde degerlendirilmistir.

En temel metrik olan dogruluk (accuracy),
modelin tiim tahminlerinin ylizde kac¢inin dogru
oldugunu gostermektedir. Ancak ¢ok smifli ve
dengesiz yapiya sahip olan Real/Waste veri setinde
yalmzca dogruluk oranina dayanmak model
performansii yaniltict sekilde yorumlamaya neden
olabilir. Bu nedenle ek metriklerin de birlikte
kullanilmasi gereklidir. Dogruluk, asagidaki formiille
hesaplanmaktadir:
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P ) _ TP+TN
) TP Y TN+ FP+ FN (1)
Burada, 7P (True Positive) dogru pozitif
tahminleri, TN (True Negative) dogru negatif
tahminleri, FP (False Positive) yanlis pozitif

tahminleri ve FN (False Negative) yanlis negatif
tahminleri ifade eder.

Hassasiyet (Precision), modelin pozitif olarak
tahmin ettigi 6rneklerin ne kadarinin gergekten dogru
oldugunu odlger. Bu metrik, ozellikle yanhs pozitif
tahminlerin minimize edilmesinin 6nemli oldugu
uygulamalarda belirleyici olmaktadir:

o TP
Precision = TP+ FP @)
Duyarlilik  (Recall), modelin dogru pozitif
tahminlerinin toplam gercek pozitiflere oranidir ve
yanlis negatiflerin azaltilmas1 gerektigi durumlarda
onem tagir.

Recall = e
TP ¥ FN )

F1 skoru ise hassasiyet ve duyarliligin harmonik
ortalamasidir ve dengesiz veri setlerinde daha dogru
bir degerlendirme yapmay1 saglar.

Precision X Recall

Fl=2x Precision + Recall 4)

Ayrica, modelin smf bazli tahmin basarisi
kangiklik  matrisi  (confusion  matrix)  ile
gorsellestirilmistir. Bu matris araciligtyla her bir atik
tiri i¢in dogru ve yanlis smiflandirmalar detayl
bigimde analiz edilmistir. Ozellikle plastik, cam,
metal gibi gorsel olarak benzer siiflar arasinda
yapilan  karigikliklar  bu  matrisler  iizerinden
degerlendirilmistir.

Bu metriklerin birlikte kullanilmasi sayesinde,
yalnizca genel dogruluk degil, ayn1 zamanda siniflar
arast dengesizliklerin model performansina etkisi de
daha saglikli bir bi¢imde ortaya konmustur.

Tablo 2. Karmagiklik matrisi

(Confusion matrix)

Gergek | | Bitki Tekstil Plastik Karisik | Kdgit Metal Organik | Cam Karton
Tahmin | Atklart | Anklar | Anklan | Anklar | Anklan | Atklar (Gida) | Atklar: | Anklar
Edilen Atklar,

Bitki TPI FPI2 FPI3 FP14 | FPI5 | FPI6 FPI7 | FPIS | FPI9
Atiklar:

Tekstil | FN21 TP2 FP23 FP24 | FP25 | FP26 FP27 | FP2s | FP29
Atiklar:

Plastik | FN31 FN32 TP3 FP34 FP35 FP36 FP37 FP38 FP39
Anklar

Karigik | FN41 FN42 FN43 TP4 FP45 FP46 FP47 FP48 FP49
Anklar

Kagit FN51 FN52 FN53 FN34 PS5 FP56 FP57 FP58 FP59
Anklan

Metal FN61 FN62 FN63 FN64 FNG65 TP6 FP67 FP68 FP69
Anklan

Organik | FN71 FN72 FN73 FN74 FN75 FN76 TP7 FP78 FP79
(Gida)

Atklart

Cam FN81 FN82 FN83 FN84 FN85 FN86 FEN87 P8 FP89
Anklar

Karton | FN9I FNO2 FNO3 FN94 FNO5 FN96 FN97 FN98 P9
Anklan

Bu calismada, her derin 6grenme modeli igin
egitim siirecinde elde edilen egitim dogrulugu (train
accuracy) ve dogrulama dogrulugu (validation
accuracy) grafiksel olarak gorsellestirilmistir. Bu
grafikler, modellerin  6grenme  dinamiklerini,
genelleme yeteneklerini ve olast overfitting (asir1
o0grenme) egilimlerini incelemek agisindan 6nemli
bir arag olarak kullanilmistir.

Egitim dogrulugu, modelin egitim verisi
iizerindeki  basarisin1  gosterirken,  dogrulama
dogrulugu modelin daha once gormedigi veriler
iizerindeki performansini yansitir. Bu iki metrigin bir
arada degerlendirilmesi, modelin yalnizca ezberleyip
ezberlemedigini degil, ayn1 zamanda genelleme
kapasitesini de ortaya koyar.

Dogruluk Orani
Hata Degeri

Eﬂdm Dénnuw ) : Edmm Donqusu )

Sekﬂ 3. VGG16 modeh - egltlm ve dogrulama

dogruluk grafigi
(VGG16 model — training and validation accuracy graph)

Dofruluk Orani
Hata Degeri

’ Egitm Dongusa " Egitm Dongusa

Sekll 4. VGGI19 modeh - egltlm ve dogrulama
dogrulugu grafigi
(VGG19 model — training and validation accuracy graph)

Dofruluk Orani
Hata Degeri
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Sekll 5. MoblleNetVZ modeli - egmm ve dogrulama

dogruluk grafigi
(MobileNetV2 model — training and validation accuracy graph)

Dofruluk Orani
Hata Degeri

b ® = >

* Egim Dongusa Egm Dongush

Sekll 6. ResNet50 modeh - egitim ve dogrulama
dogruluk grafigi

(ResNet50 model — training and validation accuracy graph)
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gif' /-
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Sekll 7. ResI\"fgtIOI modeli - egltlm Vem d(;wgrulama
dogruluk grafigi

(ResNet101 model — training and validation accuracy graph)

3
Sekll 8. Resl\?gt152 modeh - egitim Vem d(;wgrulama
dogruluk grafigi

(ResNet152 model — training and validation accuracy graph)

Dogruluk Orami
Hata Degeri _
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Sekll 9. Efﬁc1entNetB0 modeh - egitim ve

dogrulama dogruluk grafigi
(EfficientNetB0 model — training and validation accuracy graph)

1o

Doiruluk Orant
Hata Degeri

B Egitim Dongusa “ H Egitim Dongusd “
Sekll 10. Efﬁ01entNetBl modeh - egitim ve
dogrulama dogruluk grafigi
(EfficientNetB1 model — training and validation accuracy graph)

Hata Degeri

Dogruluk Orani
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Sekll 11. Efﬁ01entNetBZ modeh - egitim ve

dogrulama dogruluk grafigi
(EfficientNetB2 model — training and validation accuracy graph)

Dogruluk Orani
Hata Degeri
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Sekll 12. Efﬁ01entNetB3 modeh - egltlm ve

dogrulama dogruluk grafigi
(EfficientNetB3 model — training and validation accuracy graph)

1o [ 1l |
g, 2 .
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Sekll 13 DenseNet12l modeh - egltlm ve dogrulama
dogruluk grafigi

(DenseNet121 model — training and validation accuracy graph)

g 2\
Sekll 14 DenseNet169 modeh - egitim ve dogrulama
dogruluk grafigi

(DenseNet169 model — training and validation accuracy graph)

§c7
Sekll 15. Dermlseulw\fetZOl modeh - egltlm Vemauogrulama
dogruluk grafigi

(DenseNet201 model — training and validation accuracy graph)

Dogruluk Orant

Sekll 16. Incmel;‘utlonV3 modell - egltlm ve H:)grulama
dogruluk grafigi

(InceptionV3 model — training and validation accuracy graph)

Dofiruluk Orani

Sekil 17. Xcg;tlon modeh - egmm ve donérulama
dogruluk grafigi

(Xception model — training and validation accuracy graph)

Bu c¢alismada kullanilan tiim derin &grenme
modelleri i¢in egitim siireci boyunca elde edilen
dogruluk (accuracy) ve hata (loss) degerleri grafikler
araciligryla gorsellestirilmistir. Egitim ve dogrulama
dogrulugu grafiklerinin incelenmesi, modellerin
O0grenme performanslarini, genellenebilirlik
diizeylerini ve asir1 6grenme (overfitting) egilimlerini
degerlendirmek agisindan biiyiik 6nem tagimaktadir.
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Grafikler genel olarak incelendiginde, ¢ogu
modelde egitim dogrulugunun artis gosterdigi ve
dogrulama dogrulugunun da buna paralel olarak
ilerledigi gozlemlenmistir. Ancak bazi modellerde,
ozellikle derin katman yapisina sahip olanlarda
(6rnegin ResNet152 ve EfficientNetB3), egitim
dogrulugu dogrulama dogruluguna kiyasla daha
yiiksek seviyelere ulagmakta, bu durum da overfitting
ihtimaline isaret etmektedir. Bu gibi durumlarda
erken durdurma (early stopping) ve 6grenme orani
azaltma (ReduceLROnPlateau) gibi diizenleyici
yontemlerin kullanilmasi, modelin agirt 6grenmesini

engelleyerek dogrulama performansini — stabilize
etmeye yardime1 olmustur.
Ayrica, veri artinmmi (data augmentation)

tekniklerinin uygulanmasi, sinif dengesizliklerinden
kaynaklanan asir1 6grenme egilimini azaltmis ve
dogrulama dogruluklarinda daha dengeli bir seyir
elde edilmesini saglamistir. Grafiklerin ¢ogunda,
erken epoch'larda hizli bir 6grenme gergeklestigi,
sonrasinda ise dogruluk artis hizinin azaldigi
goriilmektedir. Bu durum, modellerin erken evrelerde
temel desenleri 6grendigini ve sonrasinda detaylara
yoneldigini gostermektedir.

Genel olarak grafiklerin incelenmesi, modellerin
hem egitim hem de dogrulama verileri iizerinde
basaril1 bir sekilde optimize edildigini ve kullanilan
yontemlerin etkin sonuglar verdigini gdstermektedir.

Model performanslarinin karsilagtirmali olarak
sunuldugu asagidaki tabloda, her bir modelin test
dogrulugu, hassasiyet, duyarlilik, F1 skoru ve sinif
bazli basar1 degerleri yer almaktadir. Modelin siif
bazli basar1 oranlari incelendiginde, genel olarak
yiksek bir smiflandirma basarisina  ulasildigt
goriilmektedir. "Plastik Atiklar", "Cam Atiklar",
"Metal Atiklar" ve "Bitki Atiklar" gibi smiflarda
hassasiyet (Precision) ve duyarlilik (Recall) degerleri
%85’in lizerinde seyretmekte olup, bu durum
modelin bu kategorilerde hem dogru smiflandirma
yapabildigini hem de biiyiik oranda 6rnekleri hatasiz
sekilde yakalayabildigini gostermektedir. Ozellikle
"Bitki Atiklar" sinifinda elde edilen yiiksek F1-score
degeri, modelin bu sinifa dair giicli bir genel
performans sergiledigini ortaya koymaktadir.

Buna karsin "Karisik Atiklar" ve "Karton Atiklar"
gibi smiflarda goreli olarak daha diisikk F1-score
degerleri elde edilmigtir. Bu distiklik, smf igi
cesitliligin fazla olmasi ya da siniflar arasi gorsel
benzerlikten  kaynaklaniyor  olabilir.  Ozellikle
"Karigik  Atiklar" smifi, yapist itibariyla diger
kategorilerle karismaya daha miisait oldugu igin,
modelin  bu simiftaki Ornekleri ayirt etmesi
zorlasmaktadir. Benzer sekilde, "Karton Atiklar"
smift ile "Kagit Atiklar" sinifi arasinda gorsel
yakinlik, siniflar arasi ayrimi zorlastirmis olabilir.

183

Sonu¢ olarak, model genel anlamda yiiksek
dogrulukta siniflandirma yapabilmis ve ¢ogu sinifta
basarili sonuglar {iretmistir.

Tablo 3. Derin 6grenme modellerinin sinif bazinda
performans dlglimleri

(Class-wise performance metrics of deep learning models)

Model Simf Hassasiyet | Duyarhhk | F1-
Puam

Karton Atiklar 0.89 0.81 0.85

Organik Atiklar 0.92 0.90 0.91

Cam Atiklar 0.90 0.89 0.90

Metal Atiklar 0.84 0.91 0.87

VGG16 Karigik Atiklar 0.74 0.85 0.80

Kagit Atiklar 0.89 0.88 0.88

Plastik Atiklar 0.89 0.76 0.82

Tekstil Atiklar 0.79 0.86 0.82

Bitki Atiklar 0.90 0.98 0.94

Karton Atiklar 0.94 0.91 0.93

Organik Atiklar 0.87 0.97 0.92

Cam Atiklar 0.92 0.86 0.89

Metal Atiklar 0.90 0.87 0.89

VGG19 Karigik Atiklar 0.71 0.88 0.79

Kagit Atiklar 0.91 0.85 0.88

Plastik Atiklar 0.88 0.81 0.84

Tekstil Atiklar 0.87 0.84 0.85

Bitki Atiklar 0.96 0.98 0.97

Karton Atiklar 0.81 0.81 0.81

Organik Atiklar 0.82 0.94 0.87

Cam Atiklar 0.89 0.89 0.89

Metal Atiklar 0.85 0.88 0.87

ResNet101  |Karigik Atiklar 0.88 0.68 0.77

Kagit Atiklar 0.86 0.88 0.87

Plastik Atiklar 0.89 0.82 0.85

Tekstil Atiklar 0.78 0.88 0.83

Bitki Atiklar 0.89 0.98 0.94

Karton Atiklar 0.86 0.91 0.89

Organik Atiklar 0.88 0.97 0.92

Cam Atiklar 0.95 0.86 0.90

Metal Atiklar 0.78 0.87 0.82

ResNet152  |Karigik Atiklar 0.78 0.87 0.82

Kagit Atiklar 0.89 0.87 0.88

Plastik Atiklar 0.92 0.73 0.82

Tekstil Atiklar 0.88 0.94 0.91

Bitki Atiklar 0.96 0.98 0.97

Karton Atiklar 0.90 0.91 0.91

Organik Atiklar 0.90 0.97 0.93

Cam Atiklar 0.88 0.95 0.92

Metal Atiklar 0.85 0.94 0.90

EfficientNetB0 |Karigik Atiklar 0.83 0.77 0.80

Kagit Atiklar 0.92 0.92 0.92

Plastik Atiklar 0.95 0.78 0.85

Tekstil Atiklar 0.79 0.90 0.84

Bitki Atiklar 0.98 0.98 0.98

Karton Atiklar 0.90 0.91 0.91

Organik Atiklar 0.89 0.94 0.91

Cam Atiklar 0.90 0.90 0.90

Metal Atiklar 0.91 0.88 0.89

EfficientNetB1 (Karisik Atiklar 0.82 0.83 0.82

Kagit Atiklar 0.96 0.89 0.92

Plastik Atiklar 0.87 0.80 0.87

Tekstil Atiklar 0.81 0.88 0.84

Bitki Atiklar 1.00 0.97 0.98

Karton Atiklar 0.94 0.93 0.94

Organik Atiklar 0.92 0.97 0.95

EfficientNetB2 |Cam Atiklar 0.91 0.94 0.92

Metal Atiklar 0.86 0.90 0.88

Karigik Atiklar 0.87 0.87 0.87
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Kagit Atiklar 0.99 0.95 0.97 Metal Atiklar 0.92 0.92 0.92
Plastik Atiklar 0.87 0.83 0.85 Karigik Atiklar 0.90 0.87 0.88
Tekstil Atiklar 0.96 0.96 0.96 Kagit Atiklar 0.97 0.89 0.93
Bitki Atiklar 0.98 0.98 0.98 Plastik Atiklar 0.94 0.83 0.89
Karton Atiklar 0.79 0.96 0.86 Tekstil Atiklar 0.90 0.96 0.93
Organik Atiklar 0.92 0.92 0.92 Bitki Atiklar 0.92 0.98 0.95
Cam Atiklar 0.79 0.86 0.82
Metal Atiklar 0.89 0.91 0.90 Modellerin  test ve dogrulama basarilari
EfficientNetB3 |Karisik Atiklar 0.81 0.88 0.85 . lendigind | olarak istikrarl iiksek
Kagit Auklar 1.00 085 | 092 Incelendiginde, genel olarax ISUxrarii ve yuxse
Plastik Atiklar 0.90 0.73 0.81 performanslar elde edildigi goriilmektedir. Ozellikle
Tekstil Atiklar 0.80 0.88 0.83 DenseNet ailesi one ¢ikmakta; DenseNet201 modeli
Bitki Atiklar 0.93 0.97 0.95 %92,91 test ve %93,10 dogrulama dogrulugu ile en
Karton Atiklar 0.89 0.94 0.92 yiiksek genel basariyr sergileyerek hem egitim
Organik Atiklar 0.92 0.95 0.94 . . o .
sirasinda hem de daha once gormedigi test verileri
Cam Atiklar 0.91 0.95 0.93 . . v 1e 1 o . ..
Metal Atklar 0.94 0.92 093 iizerinde giiglii bir genelleme yetenegi gdstermistir.
DenseNet121 |Karisik Atiklar 0.88 085 |086| Aym sekilde DenseNetl69 ve DenseNetl2l
Kagit Atiklar 0.95 0.93 0.94 modelleri de %91'in {izerindeki dogruluklariyla
Plastik Atiklar 0.94 0.89 0.92 dikkat (;ekmektedir.
Tekstil Atiklar 0.90 0.94 0.92
Bitki Atiklar 0.96 0.98 0.97 . . .
Karton Atklar 0.82 097 0.89 EfficientNet mlmarllerl de .o.lduk(;a basarili
Organik Atiklar 097 0.90 0.93 sonuglar vermistir. En iyi performansi
Cam Atiklar 0.87 0.97 0.92 EfficientNetB2 sunarken, %91,10 test dogrulugu ve
Metal Atiklar 0.91 0.94 0.93 %92,39 dogrulama dogrulugu ile olduk¢a dengeli bir
DenseNet169 |Karisik Atiklar 0.91 0.89 0.90 sonug elde edilmistir. Bu durum, EfficientNet
Kagit Atiklar 0.98 0.87 0.92 dellerinin h. ik imlilik h d
Plastik Atklar 0.96 0.85 0.90 modellerinin hem parametrik verimlili em de
Tekstil Atiklar 092 0.98 0.95 siniflandirma  basaris1  agisindan giiclii  adaylar
Bitki Atiklar 0.94 0.98 0.96 oldugunu ortaya koymaktadir.
Karton Atiklar 0.89 0.94 0.92
Organik S“klar 0.92 095 |094 InceptionV3, ResNet50 ve Xception gibi ileri
Cam Atiklar 0.91 0.95 0.93 diizey mimarilerde de benzer sekilde %90 iizerinde
Metal Atiklar 0.94 0.92 0.93 dogrulus 1d dilmis. bu da b delleri
DenseNet201 [Karsik Atklar | 0.88 085|086 | test dogrulugu elde edilmig, bu da bu modellerin
Kagit Atiklar 0.95 0.93 0.94 derin yapilarinin karmasik veri setlerinde iyi sonuglar
Plastik Atiklar 0.94 0.89 0.92 verebildigini gostermistir.
Tekstil Atiklar 0.90 0.94 0.92
Pl Awidar oS ey Daha klasik mimarilerden olan VGG16 ve
arton iKlar . . . o . o oo
Organik Atklar | 0.92 095 | 094 V(%G19, diger modellere  gére f,iah"a disiik
Cam Atiklar 0.89 0.98 093 dogruluklara sahip olsa da yine de %85’in iizerindeki
Metal Atiklar 0.87 0.92 0.89 test dogruluklartyla saglam bir temel performans
InceptionV3  |Karigik Atiklar 0.83 0.92 0.87 sunmaktadir. Ozellikle VGG16 modelinin dogrulama
Elag‘F kA:kElr 8-2‘3‘ 8-2; 8-3(7) ve test verileri arasindaki uyumlu performansi
astic Alicar : : : (%86,23 test dogrulugu ve %85,49 dogrulama
Tekstil Atiklar 0.96 0.92 0.94 - . A . . e e .
Bitki Auklar 1.00 098 1099 dogrulugu), dengeli bir 6grenme siireci gegirildigini
Karton Atiklar 0.69 0.94 0.80 gostermektedir.
Organik Atiklar 0.91 0.81 0.86
Cam lAtlklljr 0.88 089 |0.89 Diisiik parametre sayisiyla bilinen MobileNetV2,
Metal Atiklar 0.90 0.88 0.89 04842 t ~ 1 ~ 11 k n k kl 111 1 ml I
MobileNetV2 |Karigik Atiklar 0.71 0.77 0.74 lf)gu § ? Esi d(;(gru ug.u l.e b.':.ly a dslt s18tek e..de
Kagit Atiklar 087 0.80 0.83 ullanilabilecek verimli bir model olarak &ne
Plastik Atiklar 0.92 078 | o084 | ctkmustir.
Tekstil Atiklar 0.93 0.82 0.87
Bitki Atiklar 0.86 0.98 0.92 Genel olarak degerlendirildiginde, test ve
Karton Atrklar 0.88 096 |0.92 dogrulama dogruluklar: arasindaki farklarin oldukca
Organik Atiklar 0.91 0.97 0.94 diisiik ol delleri fitti 5ilimind
Camn Atiklar 0.93 0.86 0.89 isiik olmasi, modellerin overfitting  egiliminde
Motal Atklar 0.86 091 0.88 olmadigim1 ve Ogrenilen temsillerin yeni veriler
ResNet50  |Karigik Atiklar 0.92 0.89 0.91 iizerinde de etkili oldugunu gostermektedir. Bu da
Kagit Atiklar 0.96 0.91 0.93 egitim siirecinde uygulanan veri artirimi, erken
Plastik Atiklar 0.91 085 108 ]  durdurma ve dengeli smif agirliklandirmasi gibi
Tekstil Atiklar 0.90 0.94 0.92 sntemlerin b 1 land13 Gst Kktedi
Bitki Atiklar 0.97 0.98 0.98 yontemlerin basariyla uygulandigini gostermektedir.
Karton Atiklar 0.86 0.94 0.90
Xception Organik Atiklar 0.88 0.94 0.91
Cam Atiklar 0.90 0.98 0.94
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Tablo 4. Modellerin test ve dogrulama oranlar1

sonuglart
(Models’ test and validation accuracy results)

Simf Test Oram Dogrulama Oram
DenseNet201 0.9291 0.9310
DenseNet121 0.9235 0.9254
EfficientNetB2 0.9110 0.9239
DenseNet169 0.9193 0.9155
Xception 0.9138 0.9056
InceptionV3 0.9096 0.9085
ResNet50 0.9096 0.9056
EfficientNetB0 0.8915 0.9000
EfficientNetB1 0.8943 0.8972
EfficientNetB3 0.8707 0.8761
ResNet152 0.8527 0.8693
VGG16 0.8623 0.8549
MobileNetV2 0.8428 0.8704
ResNet101 0.8567 0.8451
VGGI19 0.8275 0.8268

Bu calismada kullanilan farkli derin 6grenme
mimarileri, atik smiflandirma gdrevinde genellikle
yiiksek dogruluk seviyeleri sunmustur. Confusion
matrix analizleri, smif bazinda basar1 oranlarini
detayli bigimde ortaya koymakta ve modellerin giiglii
ya da zayif yonlerini gorsel olarak yansitmaktadir.
Ozellikle “Bitki Atiklar”, “Metal Atiklar” ve “Tekstil
Atiklar” gibi ayirt edici Ozelliklere sahip smiflar,
hemen hemen tiim modellerde yiiksek dogruluk,
hassasiyet ve duyarlilik degerleriyle
siniflandirilmigtir. Bu smiflar igin F1 skorlarinin %90
seviyesini asmasi, bu kategorilerin modeller
tarafindan basariyla 6grenildigini gostermektedir.

Buna karsin, “Plastik Atiklar” ve “Karigik
Atiklar” siniflar1 birgcok model igin zorluk tegkil
etmistir. Ozellikle bu simiflarin gorsel acidan diger
kategorilere benzerlik gdstermesi ve igsel gesitlilige
sahip olmasi, karisikliga yol agmistir. Bu durum,
confusion matrixlerde “Plastik Atiklar” sinifinin
diger siniflarla karistigint ve bazi 6rneklerin yanlig
siniflara  atandigimi ortaya koymustur. Bununla
birlikte, veri artirma (augmentation) stratejileri
sayesinde az ornekli siniflarda model performanslar
dengelenmis ve diisiik destekli siniflar da basariyla
temsil edilmistir.

Modellerin biiyiik bir kismi siniflar arasi dengeyi
korurken, mimari derinligi ve katman yapisi daha
gelismig olan modeller (6rnegin  DenseNet201,
EfficientNetB2/B3, Xception) genellikle daha yiiksek
sinif ayrim giicii  gOstermistir. Bu modellerin

karmasik oriintiileri daha iyi temsil edebildigi ve bu
sayede hata oranlarini diisiirdiigii gézlemlenmistir.
Ozellikle DenseNet tabanli mimarilerde, smif
karisikligi minimum diizeye indirilmistir.

Sonug olarak, confusion matrixler yalnizca genel
dogrulugu degil, ayn1 zamanda sinif i¢i ve smiflar
aras1 basarimi da ayrintili bir sekilde analiz etme
firsatt sunmustur. Bu analizler, modellerin hangi
siniflarda giivenilir sonuglar verdigini ve hangi
siniflarda iyilestirme gerektigini agik¢a ortaya
koymus, gelecekte yapilacak veri toplama ya da
model gelistirme c¢alismalarna da yon verici
olmustur.
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Sekil 18. VGG16 modeli karisiklik matrisi
(Confusion matrix of the VGG16 model)

VGG19
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Sekil 19. VGG19 modeli karisiklik matrisi
(Confusion matrix of the VGG19 model)
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MobileNetV2
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Sekil 20. MobileNetV2 modeli karigiklik

matrisi (Confusion matrix of the MobileNetV2 model)
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Sekil 21. ResNet50 modeli karigiklik matrisi
(Confusion matrix of the ResNet50 model)
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Sekil 22. ResNet101 modeli karisiklik matrisi
(Confusion matrix of the ResNet101 model)
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Sekil 23. ResNet152 modeli karigiklik matrisi

Bitki Atiklar n

(Confusion matrix of the ResNet152 model)
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Sekil 24. EfficientNetB0 modeli karigiklik matrisi
(Confusion matrix of the EfficientNetB0 model)
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Sekil 25. EfficientNetB1 modeli karigiklik matrisi
(Confusion matrix of the EfficientNetB1 model)
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Sekil 26. EfficientNetB2 modeli karigiklik matrisi
(Confusion matrix of the EfficientNetB2 model)
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Sekil 27. EfficientNetB3 modeli karigiklik matrisi
(Confusion matrix of the EfficientNetB3 model)
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Sekil 28. DenseNet121 modeli karisiklik matrisi
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(Confusion matrix of the DenseNet121 model)
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Sekil 29. DenseNet169 modeli karisiklik matrisi
(Confusion matrix of the DenseNet169 model)

Karton Atiklar

Organik Atiklar 4
Cam Atiklar 4
Metal Atklar 4
Karigik Atiklar 4
Kagit Atiklar 1
Plastik Atiklar
Tekstil Atklar 1

Bitki Atiklar 1

67

DenseNet201

0

0

0

0

) 0 . 2 0 0 2 ]
2 0 0 0 2 0 2
0 2 0 1 0 1 0
3 0 0 1 2 0 ]
0 2 5 6 3 1 2
o 0 48
0 1 0 0 0 0 0 ]
% v v e
. - [
g = b}
£ X 5 5 £ 5 2 £
T X z = : Z Z
c T =< = x < x =
g a © @ = 7 0
T & £ s o & 2
] T Q@ @ a 8 03
£ 6 6 = € ¢ & &
TAHMIN

Bitki Atiklar

120

100

80

60

20

Sekil 30. DenseNet201 modeli karisiklik matrisi
(Confusion matrix of the DenseNet201 model)
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Sekil 31. InceptionV3 modeli karigiklik matrisi
(Confusion matrix of the InceptionV3 model)



188 Jkra KISLIOGLU, Osman GULER/ Bilisim Sistemleri ve Yonetim Arastirmalart Dergisi 7 (2). (2025) 175-191

Xception
Karton Atiklar o o o 1 o 3 o0 o
Organik Atiklar { 0 u o 0o 0o 0o o 1 3 100

Cam Atiklar o o n 1 0 0o o o o

80
Metal Atiklar 4 0 2 0 0 3 0 0
Kanglk Atiklar 1 © 2 1 0 1 1 2 3 60
Kagit Atiklar 5 0 0 1 1 0 1 0

40
Plastik Atklar 4 2 5 4 7 3 1 1 0

GERCEK

Tekstil Atklar 4 o 0 (] 0o 2 0 o [47 o 20
Bitki Atiklar 0 1 0 0 0 0 0 0 E
, e 0

. & . N

] = T . @

£ 258 2858 2 £ 5

T £ £ 2 2 % z =

c & 7 T x = <« Z Z

s 5 s & = =2 z <

< E &8 £ 5 2 2 3

T 2 @& o F =

26 & = €2 €& & & @&

TAHMIN

Sekil 32. Xception modeli karigiklik matrisi
(Confusion matrix of the Xception model)

Bu calismada farkli derin 6grenme mimarileri i¢in
elde edilen Grad-CAM (Gradient-weighted Class
Activation Mapping) ciktilart, modellerin
siniflandirma  kararlarim1  verirken odaklandiklar
bolgeleri anlamamiza olanak tanimaktadir. Grad-
CAM yontemi, ozellikle evrigsimsel sinir aglarinin
karar verme siireglerinin seffafligini artirmak ve
model  davraniglarini  yorumlamak  amaciyla
gelistirilmistir.

Elde edilen gorsellestirmeler incelendiginde,
EfficientNetB2, DenseNet121 ve Xception gibi ileri
diizey mimarilerin, atik nesnelerin bulundugu
bolgelere yogunlasan belirgin aktivasyon haritalart
irettigi gozlemlenmistir. Bu modellerin 6zellikle
simif ayrimi gii¢ olan Orneklerde dahi nesne
merkezine odaklandiklar1 ve siniflandirma basarisini
artirdiklar dikkat ¢ekmistir. Buna karsin, VGG16 ve
MobileNetV2 gibi daha hafif mimarilerde aktivasyon
bolgelerinin zaman zaman daginik oldugu ve smif
karigikliklariin yasanabildigi goriilmektedir.

Genel olarak, Grad-CAM gorsellestirmeleri,
modellerin hangi gorsel ipuglarina dayandigini ortaya
koyarak karar verme mekanizmalarinin
yorumlanabilirligini artirmigtir.  Bu da, modelin
sadece dogruluk metrigi ile degil, ayn1 zamanda
gorsel anlamda tutarliligiyla da degerlendirilmesini
miimkiin kilmigtir.

Sekil 33. Orijinal Resim

(original picture)

Sekil 34. VGG16 Modeli  Sekil 35. VGG19 Modeli
(VGG16 model) (VGG19 model)

Sekil 37. ResNet152

Modeli
(ResNet152 model)

Sekil 36. ResNet101

Modeli
(ResNet101 model)

Sekil 38. EfficientNetBO

Modeli
(EfficientNetB0 model)

Sekil 39. EfficientNetB1

Modeli
(EfficientNetB1 model)

Sekil 40. EfficientNetB2  Sekil 41. EfficientNetB3
Modeli Modeli
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(EfficientNetB2 model) (EfficientNetB3 model)
.: = h "

Sekil 42. DenseNet121

Modeli
(DenseNet121 model)

Sekil 43. DenseNet169

Modeli
(DenseNet169 model)

Sekil 44. DenseNet201

Modeli
(DenseNet201 model)

Sekil 45. InceptionV3

Modeli
(InceptionV3 model)

Sekil 46. Xception

Modeli
(Xception model)

Sekil 47. MobileNetV2

Modeli
(MobileNetV2 model)

Sekil 48. ResNet50 Modeli
(ResNet50 model)

Genel olarak, Grad-CAM gorsellestirmeleri,
modellerin hangi gorsel ipuglarina dayandigini ortaya
koyarak karar verme mekanizmalarinin
yorumlanabilirligini artirmistir. Bu da  modelin
sadece dogruluk metrigi ile degil, ayn1 zamanda
gorsel anlamda tutarliligiyla da degerlendirilmesini
miimkiin  kilmigtir. [16] tarafindan Onerilen bu
yontem sayesinde, bu ¢alisma kapsaminda kullanilan

derin 6grenme modellerinin giivenilirligi daha giiclii
sekilde analiz edilmistir.

4. BULGULAR VE YORUMLAR (FINDINGS AND
DISCUSSIONS)

Bu c¢alisma  kapsaminda  gergeklestirilen
uygulamalar, RealWaste veri kiimesinin 6zgiin yapist
ve saha kosullarini yansitan cesitliligi géz Oniinde
bulundurularak gergeklestirilmistir. Farkli  derin
0grenme mimarileri lizerinde yapilan kapsamli testler
ve karsilagtirmalar sonucunda 6nemli gozlemler elde
edilmistir.

Egitim ve dogrulama asamalarina ait dogruluk ve
kayip egrileri incelendiginde, modellerin biiyiik
¢ogunlugunun belirli bir epoch sayisindan sonra
dogrulukta plato noktasina ulastigi, hata degerlerinin
ise basartli bir bigimde minimize edildigi
goriilmiistiir. Ozellikle EfficientNet ve DenseNet
ailesine ait modellerin hem egitim hem de dogrulama
stirecinde istikrarli bir 6grenme egrisi sergiledigi
tespit edilmistir. Bu durum, bu mimarilerin veri
cesitliligini etkili bicimde 6grenebildigini ve asiri
ogrenme egiliminde olmadigim gostermektedir.

Test ve dogrulama basarilar1 karsilastirildiginda,
DenseNet201, EfficientNetB2 ve Xception modelleri
genel dogruluk agisindan 6n plana ¢ikmistir. Bu
modeller, karmagik smif Oriintiilerini ayirt etme
konusunda yiiksek performans gostermigtir. Buna
karsin, VGG19 ve MobileNetV2 gibi gorece daha
hafif mimarilerin dogruluk oranlar1 diger modellere
kiyasla daha diisiik seviyede kalmistir. Ancak bu
modellerin daha az hesaplama maliyetiyle ¢alistig1 ve
gercek zamanli uygulamalar igin avantaj sagladigi
unutulmamalidir.

Smif bazli degerlendirmelerde, baz1 atik
tiirlerinin digerlerine gore daha kolay siniflandirildig:
gbzlemlenmistir. Ozellikle belirgin gorsel ozelliklere
sahip olan “Cam Atiklar” ve “Metal Atiklar”
siniflarinda yiiksek hassasiyet ve duyarlilik degerleri
elde edilmistir. Ote yandan, "Karigik Atiklar" ve
"Tekstil Atiklar" gibi siniflar, igerdigi orneklerin
cesitliligi ve sinif i¢i benzerlik diisiikliigli nedeniyle
modellerin en ¢ok zorlandigi kategoriler olmustur.

Karigiklik matrisleri incelendiginde, siniflar arasi
karigmanin en ¢ok yukarida bahsi gegen karmagik
kategorilerde gergeklestigi goriilmiistiir. Bu, 6zellikle
atiklarin saha kosullarinda bir arada bulunmasi ve
arka plan degiskenliginin yiiksek olmas1 ile
iligkilendirilebilir.

Grad-CAM gorsellestirmeleri sayesinde,
modellerin karar verme siireclerinde hangi gorsel
bolgeleri dikkate aldig1 analiz edilmistir. Cogu
model, atigin merkezine odaklanmakla birlikte, bazi
orneklerde c¢evresel oOgelere de dikkate aldig:
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goriilmiistir.  Bu  durum, modelin  dikkat
mekanizmasinin sadece nesneye degil, nesnenin
konumlandigi baglama da duyarli oldugunu
gostermektedir.

Sonug olarak, yapilan tiim deneyler, RealWaste
veri setinin ger¢ek diinya kogullarini basariyla temsil
ettigini ve derin Ogrenme mimarilerinin bu tiir
karmagik smiflandirma gorevlerinde etkili ¢oziimler
sunabildigini ortaya koymustur. Her modelin kendi
icinde sundugu avantajlar, kullanim senaryosuna
bagli olarak farkli  oncelikler —dogrultusunda
degerlendirilmelidir. Bu ¢alismada elde edilen
bulgular, yalnizca akademik bir degerlendirme degil,
ayni zamanda pratik uygulamalara 151k tutacak
nitelikte sonuglar saglamaktadir.

5. SONUCLAR VE ONERILER (CONCLUSIONS
AND RECOMMENDATI IONS)

Bu c¢alismada, sahadan elde edilen gercek
goriintiiler igeren RealWaste veri seti kullanilarak, 15
farkli Onceden egitilmis derin 6grenme modeli
karsilastirmali olarak degerlendirilmistir. Calismanin
temel amaci, ¢esitli atik tiirlerinin gorsel 6zelliklerine
dayanarak ne Olglide basarili  bir  sekilde
siniflandirilabilecegini  ve bu baglamda hangi
mimarilerin  6ne  ¢iktigin1  ortaya koymaktir.
Uygulanan tiim modeller transfer 6grenme yaklagimi
ile egitilmis, sonuglar egitim-dogrulama grafiklerinin
takibi, smif bazli performans metrikleri, karisiklik
matrisleri ve Grad-CAM gorsellestirmeleri gibi ¢ok
boyutlu yontemlerle analiz edilmistir.

Modeller arasinda DenseNet201, EfficientNetB2
ve Xception, test ve validation dogruluk oranlar ile
genel simiflandirma basarilarinda 6n plana ¢ikmustir.
Ozellikle DenseNet201 modeli hem dogruluk
acisindan hem de gorsel dikkat haritalarmin (Grad-
CAM) hedef odakli yapisi bakimmdan en giivenilir
sonuglar1 vermistir. Bu durum, modelin smiflar arasi
benzerlik igeren gorsellerde dahi ayirt edici
oriintiileri dogru tespit edebilme kapasitesinden
kaynaklanmaktadir. Ote yandan, VGG19, ResNet101
ve MobileNetV2 gibi modellerde dogruluk seviyeleri
gorece daha diisiik kalmisg, 6zellikle gorsel cesitliligi
yliksek siniflarda siirlt basari elde edilmistir.

Simif bazinda incelendiginde, “Cam Atiklar”,
“Plastik Atiklar” ve “Metal Atiklar” gibi gorsel
acidan aywrt edici atik  tiirlerinin  basariyla
siiflandirildigi; buna karsin “Karisik Atiklar” ve
“Tekstil Atiklar” gibi smiflarda modellerin zaman
zaman hatali tahminlerde bulundugu
gozlemlenmistir. Bu durum, veri setindeki 6rneklerin
smif i¢i tutarsizligindan ve smf sayilarinin
dengesizliginden kaynaklanmaktadir.

Veri setinin hacminin ve g¢esitliliginin
artirilmasi, derin 6grenme modellerinin genelleme
yeteneklerini  6nemli Olgiide artirabilir.  Farkli
cevresel kosullarda ve degisken 1siklandirma altinda
elde edilen daha fazla oOrnek, modelin ¢esitli
senaryolarda daha tutarli sonuglar vermesini
saglayacaktir. Ote yandan, donamm kisitlarmin
bulundugu goémiilii sistemlerde model sikigtirma
(pruning) ve  kuantizasyon gibi  yontemler
kullanilarak daha hafif, hizli ve verimli modeller
gelistirilebilir. Bu sayede sinirli kaynaklara sahip
cihazlarda bile etkin smiflandirma yapilmasi
mimkiin olacaktir. Gelecekte, bu sistemin mobil
cihazlara entegre edilerek gergek zamanl atik tanima
uygulamalar1 bi¢iminde kullanicilara sunulmasi,
cevresel farkindaligin artirilmast agisindan biiyiik
katki saglayabilir. Ayrica, modelin yalnizca goriintii
temelli degil; sicaklik, agirlik, konum gibi sensor
verileri ya da kullanicidan alman ek bilgilerle
desteklenmesi, smiflandirma performansini daha da
iyilestirecek ~ ve  sistemin  dogruluk  oranim
artiracaktir.
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Gilintimiizde mobil cihazlar, ¢coklu baglant1 6zellikleri, yogun kullanim oranlar1 ve barindirdiklar:
zengin veri ¢esitliligi nedeniyle adli bilisim siireclerinde 6nemli bir delil kaynagi haline gelmistir.
Android isletim sistemlerinde yer alan Logcat, cihazin sistem, uygulama ve kullanici aktivitelerini
tutan bir kayit mekanizmasidir. Bu kayaitlar, cihaz iizerinde hangi islemlerin ne zaman ve nasil
gerceklestigi bilgisini vererek, olaylarmn dijital izlerinin tespit edilmesinde kritik bir rol oynar.
Arastirma, Android isletim sistemine sahip bir OPPO AS5S cihazindan elde edilen Logcat
kayitlarinin adli bilisim agisindan analizini konu almaktadir. Arastirmaci tarafindan olusturulan
senaryolar sonucunda elde edilen loglar iizerinden kullanicinin Wi-Fi baglantilari, internet tarayici
geemisi, Google Haritalar sorgulamalari ve kamera servisleriyle iligkili faaliyetler incelenmistir.
Bulgular, Logcat ¢iktilarinda dogrudan parola veya desen kilidi gibi kisisel veriler yer almasa da,
gerceklestirilen tiim eylemlerin dogru sekilde tespit edilebildigini gostermektedir. Sonug olarak,
Logcat verileri yalnizca teknik kayitlar sunmakla kalmayip; dijital olaylarin kronolojik
siralamasini olusturma, kullanici davraniglarini anlamlandirma ve beyanlarin dogrulugunu test
etme agisindan da adli bilisim uzmanlarina giiglii bir destek saglamaktadir. Bu yoniiyle Logcat,
mobil cihaz incelemelerinde etkili ve tamamlayici bir adli bilisim araci olarak degerlendirilebilir.
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Today, mobile devices have become an important source of evidence in forensic investigations
due to their multi-connectivity features, high usage rates, and the rich variety of data they contain.
In Android operating systems, Logcat is a logging mechanism that records system, application,
and user activities. These records provide information about what operations occurred on the
device, when, and how, thus playing a critical role in identifying the digital traces of events. This
study focuses on the forensic analysis of Logcat records obtained from an Android-based OPPO
AS5S device. Based on scenarios created by the researcher, the logs were examined to analyze user
activities such as Wi-Fi connections, web browsing history, Google Maps queries, and camera-
related actions. The findings indicate that although Logcat outputs do not contain personal data
such as passwords or pattern locks, all actions performed during the scenarios were accurately
detected.In conclusion, Logcat data not only provide technical records but also offer strong support
to forensic experts in reconstructing the chronological sequence of digital events, interpreting user
behavior, and verifying the accuracy of statements. In this respect, Logcat can be considered an
effective and complementary digital forensic tool in mobile device examinations.
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1. GIRIS avrroDUCTION)

Giliniimiizde mobil cihazlar, bireylerin kisisel ve
kurumsal verilerinin islem gordiigii, depolandigi
dijital bir ara¢ haline gelmistir. Mobil cihazlarin
yaygin kullanimi, mobil cihaz tireticilerine sektorde
pazar payr kazanma amacina yonelik kullanicilarin
taleplerini gerceklestirmek icin biiylik bir rekabet
alan1  olusturmustur. Mobil cihazlarin  kolay
erisilebilirligi, tasinabilirligi ve kullanict1 dostu
yapilari, bu teknolojilerin hizla yayginlasmasina
neden olmustur.

Yapilan aragtirmalar mobil cihaz sayilarmin
diinya niifusunun neredeyse iki katina ulasabilecegini
ongormektedir [1]. Mobil cihazlara ait isletim
sistemleri ele alindiginda ise, diinya genelinde
kullanilan mobil cihazlarin %42.9’u Android iken,
%16.82’ si 10S olarak belirlenmis; Tiirkiye’de ise bu
durum %58.72 Android, %19.04 iOS olarak tespit
edilmistir [2-3]. Tiirkiye 6zelinde ve diinya genelinde
Android isletim sistemine sahip cihazlarin tercih
ediliyor olmasinin sebebi, bu isletim sistemine sahip
cihazlarin genis fiyat araliklarinda sunulmasi, farkli
marka ve modellerle ¢esitlilik gostermesi olarak
diisiiniilebilir. Arastirmada Android isletim sistemine
sahip cihazin tercih edilmesinin sebebi ise Android
isletim sisteminin Diinya genelinde ve Tiirkiye
ozelindeki yaygin kullanimudir.

Mobil cihazlarin yayginlagmasi, verilerin biiyiik
oranda bu cihazlar {izerinden dijital ortamlarda
depolanmasina neden olmakta ve bu durum, mobil
cihazlarin adli siireglerde kritik bir konuma
yerlesmesini kaginilmaz kilmaktadir.

Adli bilisim perspektifinden bakildiginda, mobil
cihazlarin kullanicilar tarafindan siirekli kullanilmasi,
bu cihazlarin suca taniklik etmesi veya suca karigmasi
acisindan 6nemli bir potansiyel tasimaktadir. Ancak
belirtmek gerekir ki; mobil cihazlarda yapilan her
igslem isletim sistemi tarafindan kaydedilmekte ve bu
kayitlar delil degeri tagimaktadir. Bu kayitlar “log”
olarak adlandirilmakta olup, ilerleyen bdliimlerde
ayrmtili bigimde agiklanacaktir.

Tiim bu degerlendirmelerden hareketle;
arastirmanin temel amaci, Android isletim sistemine
sahip cihazda (OPPO AS5s) logcat ciktilari {izerinden,
Adli bilisim acgisindan kritik olabilecek verileri
belirleyip, uygulanan senaryolardaki hallerinin
dogrulugunu tespit etmektir. Arastirma sadece
Android isletim sistemine sahip OPPO AS5s cihaz
iizerinde gerceklestirilmistir. Analiz edilen log tiirleri
sadece secilen senaryolarla  smirlandirilmistir.
Arastirma stiresince, logcat ciktilart
degerlendirilmistir; fiziksel bellek imaji veya harici
yazilim kullanimi kapsam disindadir. Android logcat
ile ginlik islemlerin kaydedilmesi mevcutta

kullanilan bir sistemdir ancak burada tespit edilmek
istenilen esas nokta, olusturulan senaryolardaki
hedeflenen verilerin bu sisteme dogru bir sekilde
kaydedilip kaydedilmedigini belirlemektir. Boylelikle
Logcat kayitlarinin adli stireglerde
kullanilabilirliginin tespiti miimkiin olacaktir.

Arastirma  asagidaki  sorulari
Questions) cevaplandirmaktadir:

(Research

= RQI: Adli bilisim agisindan ele alindiginda
mobil bir cihazdan hangi 6nemli veriler elde

edilebilir?
= RQ2: Android isletim sistemine sahip bir
cihazda Logcat vasitasiyla telefonda

gergeklestirilen giinliik islemler (telefonu
acma-kapatma, ana ekrana girme) tespit
edilebilir mi?

= RQ3: Android isletim sistemine sahip bir
cihazda Logcat vasitasiyla Kamera servisleri
islemleri tespit edilebilir mi?

= RQ4: Android isletim sistemine sahip bir
cihazda Logcat vasitasiyla Bluetooth
Islemleri(Bluetooth ile baglanti kurma,
Bluetooth ile dosya aktarimi) tespit edilebilir
mi?

= RQS5: Android isletim sistemine sahip bir
cihazda Logcat wvasitasiyla Ses Kaydi
islemleri tespit edilebilir mi?

= RQ6: Android isletim sistemine sahip bir
cihazda Logcat vasitasiyla Wi-Fi baglantisi
kurma iglemi tespit edilebilir mi?

= RQ7: Android isletim sistemine sahip bir
cihazda Logcat vasitasiyla Web gezintisi
islemi tespit edilebilir mi?

= RQS8: Android isletim sistemine sahip bir
cihazda  Logcat  vasitasiyla ~ Harita
uygulamasi iglemleri tespit edilebilir mi?

Arastirmanin genel ilerleyisi asagida verildigi
sekildedir:

Arastirmaya yonelik genel bilgilerin yer aldig1 1.
Girig boliimil, ilgili arastirmalarin yer aldig1 2. boliim,
aragtirmada kullanilan ekipmanlarin, uygulama
stirecinin ayrintili olarak ele alindigr 3. Yontem
boliimii, uygulama sonucunda elde edilen bulgularin
yer aldig1 4. Bulgular boliimii, arastirmaya yonelik
bulgularin mevcut arastirmalarla karsilastirildigr 5.
Tartisma boliimii, nihai degerlendirmenin yapildigi
sonug boliimii ve gelecekteki aragtirmalara yonelik
onerilerin verildigi 6. Sonug¢ bolimii ile aragtirma
tamamlanmistir.
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2. KAVRAMSAL CERCEVE ve ILGILI

ARASTIRMALAR(CONCEPTUAL
FRAMEWORK AND RELATED WORKS )

2.1 Giinliik Kayd1 (Log Record)

Mobil cihazlarda gergeklestirilen her islemin
kaydedilmesi durumunda, ¢ikt1 olarak elde edilen
kayitlar log olarak adlandirilmigtir. Isletim sistemi
veya uygulama yazilimlari, alinan hata veya sorunlar
gibi belirli olaylar1 giinliik ad1 altinda kayda alir; her
olay i¢in bir mesaj, yani bir log kaydi olusturulur [4].
Log[5], bilisim personelleri tarafindan, bilgi
sistemlerinde tespit edilen olaym ne sekilde
gergeklestigi (Nasil, ne zaman ...vb.) sorularina cevap
verebilecek kayit olarak tanimlanmistir.

2.2 Log Kayitlarmn Onemi (The Importance of Log
Records)

Gergeklestirilen her islemin log kaydinin
bulunmasi, su¢ sorusturmasinin seyrini degistirecek
giice sahiptir; ¢iinkii log kayitlar1 taraf beyanlarini
dogrulayacak ya da tersini ispat edebilecek
kayitlardir. Bunun yani sira, Log dosyalar1 dijital delil
niteligine sahip olmalart sebebiyle adli biligim
acisindan Onem tasimaktadirlar, ek olarak log
dosyalarmin  biitiinliigliinin ~~ saglanmast  delil
giivenirligi agisindan ¢ok 6nemlidir [6].

2.3 Log Kaydi Kullamm Amaclar1 (Purposes of
Using Log Records)

Log kayitlar ile;

= islemi gergeklestiren kisi

= yetkisiz erisimler

= anormal islemler

= sistemlerdeki olasi sorunlar
belirlenebilir [6].

2.4 Android Isletim Sistemi Log Kayitlar1 (Log
Records of the Android Operating System)

Android Studio'daki Logcat kayaitlari,
uygulamalardaki hatalar1  ayiklanmasina olanak
tanimaktadir. Bu kayitlar, cihazdaki giinliklerin
goriintiilenmesini e zamanli olarak saglamaktadir [7].
Uygulama yazilim gelistiricileri tarafindan sistemdeki
hatalar1 ayiklamak i¢in kullanilan Logcat kayitlarinin
adli bilisim acisindan kullanilabilirliginin  test
edilmesine yonelik arastirmanin olmayisi
arastirmanin motivasyon noktasini olugturmaktadir.

2.5 Log Kayitlar1 Uzerinde Cahsmanun Zorlugu
(Challenges in Working with Log Records)

= (Cihazlarda yapilan en kiigiik bir islem bile
(6rnegin mobil cihazin ekraninin kapanmaasi
icin ekrana dokunma, ama kapatma vb. gibi )
birgok sayida logun firetilmesine sebep
olmaktadir; bu sebeple loglar iizerinde
manuel ¢alismak zaman alic1 ve ugrastirici
bir istir[8].

= Log verileri igerisinden anlamli ve istenen
bilgiyi bulmak ugrastirict ve zaman alic1 bir
islemdir; ¢ilinkii aranan bilginin diginda log
¢iktist igerisinde istenmeyen veya gereksiz
bilgiler bulunmaktadir.

=  Farkli marka ve modeldeki mobil cihazlar,
logcat  kayitlarinda yapisal  farkliliklar
olusturarak standartlagsmay1
giiclestirmektedir.

=  Mobil cihazin tarih ayarinin dogru olmamasi,
olaya  yonelik  olusturulacak  zaman
haritalamasinin yapilmasin zorlagtirir.

= Log dosyalarinin yapisal olarak degisken
olmasi, adli siiregte giivenilirligini azaltir.
Log verilerinin inceleme ve analiz siirecinin
basinda ve sonunda hash degerlerinin
hesaplanmas1 gerekmektedir.

2.6 Adli Bilisim Acisindan Log Kawitlar1 (Log
Records in the Context of Digital Forensics)

Sistemde tespit edilen hatalar1 ¢ézmek igin
kullanilmalarinin ~ disinda, ozellikle bir Dbiligim
sucunun ortaya ¢ikartilmasinda igletim sistemi
tarafindan tutulan kayitlar biiylik 6nem tagimaktadir.
Log Kayitlart tutulduklar1  cihazlarin  isletim
sistemlerine gore farklilik gostermektedir [9].



195 Miige Begiim DONMEZ, Ibrahim Alper DOGRU / Bilisim Sistemleri ve Yonetim Arastirmalart Dergisi 7 (2). (2025) 192-213
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Log verileri ile gergeklestirilen c¢aligmalar
incelendiginde, bu alandaki aragtirmalarmn sinirh
oldugu goriilmektedir. Tiirkiye 6zelinde yapilan bazi
caligmalar, 6rnegin bir arastirma[10], log verilerini
derin d6grenme tabanl algoritmalarla analiz ederek ag
trafigi kayitlar1 tizerinden kotii amagli yazilim tespiti
yapmaktadir. Benzer sekildeki bir arastirma[11],
sistem loglar1 ilizerinden kotii amagh yazilim tespiti
gergeklestirmis, bir diger arasgtirma[l2] ise; mobil
Android uygulamalarina ait loglar toplayarak loMT
ve saglhk uygulamalarinda giivenlik analizleri
yapmistir. Ancak, mevcut yerel caligmalar mobil
cihaz  loglarina  odaklanmamis,  uluslararasi
calismalarda da mobil log verilerinin kullanildigi
ornekler sirlt sayidadir. Ozellikle Android logcat
verileri iizerinde ¢alisan arastirmalar ¢ok azdir ve bu
calismalarda logcat kayitlarinin dogrulugunun tespiti
genellikle goz ardi edilmistir.

Tim bu degerlendirmelerden hareketle
literatiirdeki bu boslugu gidermek, logcat verilerinin
dogrulugunu sistematik olarak degerlendirmek ve adli
bilisim agisindan anlamli, nitelikli verilerin elde
edilebilmesini saglamak aragtirmanin motivasyonunu
olusturmaktadir. Boylece logcat verilerinin olaya
yonelik zaman ¢izelgesi olusturma, kullanict
davranislarini  anlamlandirma  gibi  siireglerde
giivenilir bir sekilde kullanilabilirligini test etme
arastirmanin odak noktasidir.

Asagida, uluslararast literatiirde log
verilerinin 6zellikle adli bilisim baglaminda kullanim
potansiyelini ortaya koyan c¢aligmalar sunulmaktadir.
Secim kriteri olarak, c¢aligmalarin cihaz loglarin
incelemesi, adli analiz ve dijital delil {retimi
stireclerine katki saglamasi ile log verilerinin olay
¢oziimleme ve kullanici davramigi analizi gibi
uygulamalarda kullanim potansiyelini ortaya koymasi
dikkate alinmistir.

Motorlu tasit kazalarini siirliciilerin mobil cihaz
kullanimu ile iliskilendiren arastirmada [13] iPhone
CurrentPowerlog.powerlogsystem  dosyalart  ve
Android buffer loglar ile veriler incelenmis, cihazin
kazadan once veya kazi sirasinda kullanimin
belirlemeye yonelik kullanic1 etkilesimleri tespit
edilmistir. Bu veriler, ¢agr1 ve mesaj kayitlarinin
stirliciiniin cihazla etkilesimini ortaya koyarak kazaya

olast  katkilarin  degerlendirilmesine  imkan
saglamaktadir ve mobil cihaz loglarinin adli bilisim
acisindan degerlendirilmesinin Oonemini
vurgulamaktadir.

Bir diger arastirmada[14], Android Auto ve Apple
CarPlay tabanli ara¢ i¢i bilgi-eglence (IVI)
sistemlerinin adli bilisim agisindan incelenmesini
hedeflemektedir. Arastirmada, ara¢ ve mobil cihaz
arasindaki baglantilardan elde edilen log kayitlar
analiz edilerek baglanti zamanlari, arag¢ bilgileri ve

kullanic1  etkilesimleri gibi kritik veriler tespit
edilmistir. Bulgular, 6zellikle kablosuz iletisimdeki
sifreleme protokollerinin analizi zorlastirdigini, ancak
bu sistemlerin ¢esitli olaylarda Ornegin; trafik
kazalar1, sahtekarlik gibi olaylarda 6nemli dijital delil
niteligi tagtyabilecegini gostermektedir.

Ugiincii taraf Android uygulamalari igin adli
kayit ajanlar gelistirmeyi amacglayan arastirmada
[15], mevcut uygulama tabanli ajanlarin yliksek
bakim maliyetleri ve siirim bagimliligi sorunlaria
¢O6ziim olunmast hedeflenmistir. Bu kapsamda,
Android uygulamalarinda yaygin olarak kullanilan
SQLite veri yOnetim altyapisi temel alinarak, adli
kayit ajanlar1 tasarlanmistir. Calismada statik analiz
ve tersine mihendislik teknikleriyle Signal,
WhatsApp ve Telegram gibi popiiler mesajlasma
uygulamalar1 incelenmis; bu uygulamalarda SQLite
tabanli ajanlarn  veri dogrulugunu korudugu
goriilmistiir. Elde edilen bulgular 1s1ginda ¢alisma,
mobil adli bilisim alaninda uygulama bagimliligini
azaltan, yeniden kullanilabilir ve siirdiiriilebilir bir
loglama  ¢oziimii  Onererek, dijital delillerin
giivenilirligini ve biitiinligiinii artiran 6nemli bir katki
saglamaktadir.

Arastirmada[16], Windows Event Viewer
(Olay Goriintiileyicisi) kayitlarinin  kotli  amach
faaliyetlerin  tespiti ve sistem  biitinligiiniin
korunmas: ag¢isindan adli bilisim siireclerinde daha
etkin kullanilmasimi amaglamaktadir. Calismada,
Event Viewer loglarinin olay-korelasyon temelli
analizi gerceklestirilmistir. Bulgular, XML tabanl
yapilandirmanin loglarin dogrulanabilirligini,
sorgulanabilirligini ve adli delil niteligini artirdigim
gostermistir. Uygulama loglarmin kronolojik olarak
iliskilendirilmesi sayesinde giris denemeleri, sistem
kapanislari, hata kayitlar1 ve potansiyel kotii amach
etkinliklerin ~ yiiksek  dogrulukla izlenebildigi
goriilmiistiir.  Caligma, Event Viewer loglarmin
yalnizca sistem izleme araci olarak degil, aym
zamanda adli analiz siireclerinde yapilandirilmis bir
veri kaynagi olarak kullanilabilecegini gostermekte ve
adli bilisim i¢in tekrarlanabilir, biitiinliik odakli bir log
analiz metodolojisi dnermektedir.

Bir diger aragtirma[17], modern araglarda
bulunan elektronik kontrol tiniteleri (ECU’lar), OBD
sistemleri ve bilgi-eglence sistemleri gibi elektronik
cihazlarin drettigi verilerin adli bilisim agisindan
onemini ele almaktadir. Arastirmada, Bluetooth
tizerinden arag OBD-II portuna baglanan bir Android
telefondan ii¢ farkli veri tiirli toplanmis ve analiz
edilmistir. Elde dilen veriler Bluetooth baglanti
stireleri, arag bilgileri, OBD-II cihazinin MAC adresi,
ara¢ hizi, ani hizlanma ve frenleme olaylar ile yakit
dolum bilgileridir.
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Tesla gibi yazilim tanimli araglarin (SDV) [18]
kaydettigi farkli loglarin adli bilisim agisindan
degerlendirilmesini amaglayan arastirmada ise, arag
ici loglarin adli delil olarak bagimsiz dogrulama
sagladigini ve yazilim tanimli araglarin veri zenginligi
ve siirim bagimlilig1 agilarindan adli bilisimde firsat
ve zorluk sundugunu vurgulamaktadir. Caligsma, arag
ici eMMC ve autopilot sisteminin daha derin
analizinin ileri aragtirmalar i¢in 6nemli oldugunu
gostermektedir.

Arastirma[19], Android cihazlardan elde
edilen ham log verilerinin analizini ve log ayristirma
araglarinin  etkinligini incelemeyi amaglamistir.
Arastirmada, 10 farkli ayristirma araci (AEL, Brain,
Drain, LFA, LogCluster, Logram, NuLog, SHISO,
SLCT, ULP) kargilagtirmali olarak
degerlendirilmistir. Bulgular, 6n isleme yapilmamis
ham loglarin, mevcutta kullanilan araglar tarafindan
islenmesinin performans konusunda sinirli oldugunu
gostermektedir; bazi araglar belirli log tiirlerinde
yliksek dogruluk saglasa da genel performansta
dalgalanmalar  s6z konusudur. Adli  bilisim
baglaminda, ¢alisma Android loglarinin dijital delil
olarak 6nemini vurgulamistir. Ham log dosyalarimin
diizensiz yapisi, delil toplama ve analiz siire¢lerini
zorlastirirken, performansi yiiksek araglar ve uygun
on isleme yontemleri, adli analizlerde daha giivenilir
ve verimli sonuglar elde edilmesini saglar ¢ikariminda
bulunulmustur. Calisma log analizi ile veri
madenciligi ve makine Ogrenimi tekniklerinin
entegrasyonunun, dijital delillerden daha derin ve
anlaml bilgiler ¢ikarilmasina katkida
bulunabilecegini gostermektedir. Sonug¢ olarak,
arastirma, log dosyalarinin adli bilisimde etkin
kullanimmi  destekleyecek ara¢ ve yontemlerin
gelistirilmesine temel saglamaktadir.

Arastirmada[20], adli bilisim baglaminda log
kayitlarinin  yeterliligi incelenmistir. Arastirmada,
gretel numaralar1 adi verilen yeni bir yontem
gelistirilmis ve uygulanmistir. Bu yontem, her log
kaydma benzersiz bir kimlik (ID) atayarak, olaylar
arasindaki nedensellik iligkilerini takip etmeyi
miimkiin kilmaktadir. Prototip sistem Extended
Berkeley Packet Filter (EBPF) ve bir Nginx web
sunucusu kullanilarak test edilmis, etkinliginin yiiksek
oldugu ve kaynak kullanimmin minimal seviyede
oldugu gozlemlenmistir. Log boyutlarinin artmasi,
sistem tiizerinde ek yiik olusturmasina ragmen, adli
sorusturmalarin dogruluk ve giivenilirligini artiran bir
avantaj saglamaktadir. Arastirma bulgulari, loglara
eklenen nedensellik bilgisinin olaylar arasindaki
baglami kolaylastirdigi ve adli analizlerde hizli ve
dogru bilgi sagladigimi, Gretel numaralarinin log
manipiilasyonlarimi tespit ederek dijital delillerin
giivenilirligini artirdigini ve log boyutlarindaki artigin
sistem kaynaklar1 agisindan bir maliyet olustursa da
siber giivenlik ve bilisim agisindan kabul edilebilir

oldugunu gostermektedir. Sonug olarak, bu ¢alisma
loglama tasariminda nedensellik bilgisinin dnemini
vurgulamis ve adli biligim sug sorusturmalarinda daha
planli, giivenilir ve etkili bir veri toplama siireci i¢in
temel saglamaktadir.

Arastirma[21], Android mobil cihazlardan
kullanici etkinliklerini ¢ikarmak ve analiz etmek
amaciyla gelistirilmis Forensic Activity Logger adl
bir adli ara¢ iizerine odaklanmaktadir. Arag¢, Android
cihazlardan wverileri yalnizca okunabilir modda
cikararak, yapilandirilmis ayristirma ve emanet zinciri
korumast saglamaktadir. Veri toplama siireci
sonrasinda elde edilen veriler, zaman damgalarina
gore siralanarak, kullanict etkinliklerinin biitiinsel bir
zaman ¢izelgesi olusturulmustur.  Arastirmada
odaklanilan Forensic Activity Logger arac1 ile mobil
adli bilisimde mevcut araglarin sundugu sinirli analiz
imkani asilmis, daha kapsamli, bir veri toplama ve
analiz siireci sunulmustur.

Bir diger arastirmada[22],  Android

cihazlardan adli log wverisi toplama siirecini
otomatiklestirmeyi ve basitlestirmeyi amaglayan bir
aracin tasarimi, uygulanmasi ve degerlendirmesi ele
almmustir.
Arastirmanin  sundugu ara¢ sayesinde otomasyon,
sorusturma  siiresini  kisalmis, teknik uzmanlig
olmayan kullanicilarin da log toplamasint miimkiin
kilinmis, dijital delil sunumu ve dokiimantasyonu
kolaylagsmistir. Sonug olarak, bu ¢aligma, Android
cihazlardan log ¢ikarma siirecini hizlandiran,
dogruluk ve adli biitiinliigli gilivence altina alan,
tekrarlanabilir ve kullanict dostu bir yontem sunarak
adli bilisime pratik bir katki saglamistir.

Son olarak Android isletim sistemine sahip mobil
cihazlarin ara¢ In-Vehicle Infotainment (IVI)
sistemleri ile bluetooth lizerinden etkilesiminin arag
olaylarina dair dijital deliller iizerindeki etkisini
inceleyen arastirmada [23], Android log mesajlar1 ve
Bluetooth loglari analiz edilerek bagli aracin MAC
adresi, arag¢ bilgileri, baglanti zamanlar1 ve telefon
cagr1 gecmisi gibi deliller tespit edilmis ve siiriiciiniin
eylemlerini  gOsteren  bir zaman  gizelgesi
olusturulmustur.

Arastirmanmin Literatiire Katkisi

Karsilastirmali olarak degerlendirildiginde,
literatiirdeki makalelerde one gikan temalar sunlardir:

=  Makalelerin tamami, kullanici etkinliklerini

detayli  sekilde kaydetme  kapasitesi
sayesinde  Android  loglarmm  adli
sorusturmalarda  kritik ~ bir  kaynak

olabilecegini gostermektedir.
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= Geleneksel ADB/Logcat veya SMS/¢agri
kayitlarina dayali yontemlerin zaman alic1 ve
riskli oldugu vurgulanmustir.

= Hash deger hesaplama ve delil zincirinin
korunmast, loglarin mahkemede gegerliligini
ve giivenilirligini artirmaktadir.

= Loglar, kullanici davraniglarinin  zaman

baglaminda anlamlandirilmasi, olay
orlintlisii tespiti agisindan kritik Oneme
sahiptir.

Verilen tiim degerlendirmeler dogrultusunda, bu
calisma literatiire, logcat ¢iktilarinin olay baglaminda
sistematik olarak degerlendirilmesi ve dogrulugunun
senaryolar araciligiyla test edilmesi agisindan katki
saglamaktadir. Aragtirma, mobil cihaz loglarinin adli
sorugturmalar baglaminda kullanilabilirliginin ispati
acgisindan 6nem arz etmekte ve literatiirdeki mevcut
boslugu doldurmay1 hedeflemektedir.

3. YONTEM (METHODOLOGY)

Arastirmada, Android isletim sistemine sahip,
OPPO AS5S cihaz iizerinde, sistemsel davranislari
yansitan logcat verileri toplanmis ve anahtar kelime
filtreleme ile wveriler filtrelenmis ardindan analiz
edilmistir. Veriler, arastirmaci tarafindan 2 giinliik
zaman dilimi igerisinde, olusturulan senaryolarin
uygulanmastyla elde edilmistir. Log verilerinin elde
edilememesi gibi durumlarin olugmasimi engellemek
3.1. Kullamilan Ekipmanlar Equipment Used)

Tablo2. Kullanilan Ekipmanlar

(Equipment Used)
Ekipman Aciklama
Mobil Cihaz OPPO A5S
Is istasyonu Dell Latitute E7470

Isletim Sistemi Android 8.1 (ColorOS)

Kullanilan ADB (Android Debug
Bridge),CMD,
Araglar Notepad-++
Terminale
adb devices, adb logcat,
Girilen

findstr
Komutlar

amaciyla olusturulan loglarmm tamammin text
dosyasina (logcat2.txt) aktarilmasi saglanmistir.
Senaryolarin  uygulanmasi yoluyla elde edilen
verilerin toplam boyutu 11.9 MB, satir sayist
103.973’tiir. Bu degerler aslinda mobil cihazlarda
yapilan en ufak hareketlerin bile satirlarca log
verisinin olusmasina neden oldugunun kanitidir.

2 giinliik log verilerinin toplanmas siirecinde yer
alan islemler asagida verilmistir:

=  Giinlik islemler (telefonu agma-kapatma,
ana ekrana girme)

= Kamera servisleri igslemleri (Kameray1 agma
ve fotograf ¢ekme, Fotografi silme ve geri
yiikleme, fotografi gizli albiime ekleme-
fotografi saklama, Galeriye girme ve
fotografi goriintiileme)

*  Bluetooth Islemleri(Bluetooth iizerinden
dosya aktarimi)

=  Ses Kaydi islemleri(Ses kaydi baslatma)

»  Wi-Fi baglantis1 kurma iglemi

= Web gezintisi islemi(Google Chrome
iizerinden arama yapma)
» Harita uygulamasi islemleri(Konum

servislerini agma-kapatma, Google Maps
iizerinden yol tarifi alma)
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3.2. Uygulama Siireci(4pplication Process)

v Evet

T
=

_
by
-

-

Sekill. Uygulama Siireci Akis Diyagrami

(Implementation Process Flow Diagram)

Arastirmanin  uygulama  siireci 5  asamada
gergeklestirilmistir. Asagida asamalar hakkinda genel
bilgiler verilmis, asamalara yonelik detayli bilgiler
ilerleyen boliimde agiklanmuistir.

= Hazirhk Asamasi: Uygulama siirecinin
saglikli  bir sekilde gergeklestirilmesi
amactyla, aragtirma ekosisteminin(Is

istasyonu, mobil cihaz, gereken araglarin
belirlenmesi, kurulumu vb.) olusturuldugu
agsamadir.

Veri Toplama Asamasi: Aragtirmact
tarafindan olusturulan senaryolar ile mobil
cihaz iizerinde wverilerin olusturuldugu
agsamadir.
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Veri Filtreleme Asamasi: adb logcat ile
logcat kayitlarinin - alinmast  ve findstr
komutlariyla filtreleme yapilan asamadir.
Istenilen verilere ulasilamadigi durumda
Python betigiyle gelismis arama
gergeklestirilmistir.

Analiz Asamasi: Senaryolar sonucunda
olusturulan ve filtreleme agsamast sonucunda
elde edilen wveriler Kkarsilagtirtlmistir.
Aragtirmaci tarafindan olusturulan verilerle
filtreleme sonucu elde edilen verilerin
karsilastirilmast sonucunda verilerin
dogrulugu tespit edilmistir.

Raporlama Asamasi: Analiz asamasinda
elde edilen verilerin kayit altina alindigi
asamadir.

3.2.1. Hazirhk asamasi (Preparation Phase)

Hazirlik asamasinda gergeklestirilen adimlar asagida
verilmistir:

Hazirlik agamasimin baslangicinda OPPO
ASS cihazi, herhangi bir verinin 6nceden
kalmasint engellemek amaciyla fabrika
ayarlarina sifirlanmistir.

[s istasyonu olan diziistii bilgisayara ADB ve
OPPO USB Siiriiciisii yiiklenmistir.

Mobil cihazda varsayilan ayarlarda gelen
Buffer Boyutu 16 MB’a ¢ikarilmustir,
boylelikle telefonda olusturulan verilerde
loglarin silinme, ya da kaybolma olasiliklar
engellenmigtir. Mevcut buffer boyutunu
gorebilmek i¢in; terminale adb logcat -g
komutu, Buffer boyutunu istenilen boyuta
degistirmek i¢in adb logcat -G 16M komutu
yazilmustir.

= USB Hata Ayiklama (USB Debugging)
modu android telefona yonelik verilere tam
erisim i¢in 6n gereksinimdir.

Hata ayiklama modunun aktif olmasi igin
gergeklestirilen adimlar asagida verilmistir.
= (Cihaz agilmig ardindan; Ayarlar'a girilmistir.
=  Telefon Hakkinda bolimine Gidilmis
ardindan "Yapim Numaras1" (Build Number)
iizerine arka arkaya 7 kez dokunulmustur.

=  "Arttk  bir  gelistiricisiniz!"  mesaj1
¢tkmasmin ardindan Gelistirici Se¢enekleri
actlmustir.

= QGelistirici segeneklerinde yer alan "Ek
Ayarlar" boliimiine girilmistir.

= "Gelistirici Secenekleri” iizerine
tiklandiginda USB Hata Ayiklama' y1 Aktif
Et’e basilmistir. Anahtar yesil konuma
getirilerek islemler tamamlanmistir.

USB Hata ayiklama islemi tamamlanmasinin
ardindan 6nceden kurulmus Android Debug Bridge
(ADB) vasitasiyla mobil cihaz bilgisayara USB ile
baglanmis ve terminale adb devices komutuyla
tanitilmastir.

C:\Users\MAC>adb devices
List of devices attached

S8DI45YPMZDU4DBA device

Sekil2. Mobil Cihaz Bilgisayar Baglantis1 Ekran
Almtist

(Screenshot of Mobile Device to Computer Connection)
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3.2.2. Veri toplama asamasi (Data Collection Phase)

Mobil cihazda veri seti olusturabilmek i¢in asagidaki
senaryolar uygulanmistir. 2 Ginliik islemlerden
olusan log veri seti hazirlanmustir; bu giinliik islemler
asagida yer almaktadir:

Tablo3. Senaryolar

(Scenarios)

Islemler Senaryolar islem
Zamani

Kameray1 agma 06.06.2025

Kamera fotograf ¢cekme, 23:09

servisleri Fotografi silme ve 06.06.2025

islemleri geri yiikleme, 23:11
Fotografi gizli 06.06.2025
albiime ekleme 23:13

Bluetooth | Bluetooth iizerinden | 07.06.2025

Islemleri dosya aktarimi 17:20

Ses Kayd: | Ses kaydi baslatma 07.06.2025

islemleri 17:26

Wifi Wifi baglantis1 kurma | 07.06.2025

baglantisi islemi 17:30

kurma

islemleri

Web Google Chrome 07.06.2025

gezintisi iizerinden arama 17:29

islemleri yapma

Harita Google Maps 07.06.2025

uygulamasi | iizerinden yol tarifi 17:31

islemleri

Konum Konum servislerini 06.06.2025

servisleri acma-kapatma, 23:15

islemleri

adb logcat -d > logcat-output2.txt komutuyla 2 giin
boyunca olusturulan veriler logcat-output2 adiyla bir
text dosyasina kaydedilmistir.

Text dosyasinda veri kaybi yasamamak ve delil
biitlinligiiniin ~ korunmas1 adinda Hash degeri
olusturma islemi gergeklestirilmistir (Bknz.sekil3).
Filtreleme islemi gerceklestirildikten sonra Hash
degerleri karsilastirilmig ve delilin  biitiinliigliniin
korundugu tespit edilmistir.

Iki giinliik log veri seti hazirlanmasi sirasinda baska
iglemlerin olmamasi igin gerekli 6nlemler alinmastir.
Veri toplama siirecinde test cihazi ucak moduna
almmis ve internet baglantis1 kapatilmistir; ayrica
arka planda cahsan uygulamalar kapatilarak
yalnizca  planlanan  senaryolarin  caligtirilmast
saglanmistir. Delil biitlinliigliniin korunmasi ve
loglarin dogru sckilde tespit edilebilmesi igin
telefonun otomatik tarih ve saat ayar1 kapatilms
ve loglar olustuklar1 gibi, text formatinda

cikarilmistir. Gergeklestirilen islemler Tablo 2’de
detayli olarak belirtilmis, log verileri adb logcat -d >
logcat-output2.txt komutu ile kaydedilmis ve veri
biitiinliigh  hash degerleri ile dogrulanmustir.
(Bkz.Sekil 3). Filtreleme islemi sonrast hash degerleri
tekrar kontrol edilerek delilin biitiinligi teyit
edilmistir.

runfile( 'C:/Users/MAC/Hash.py"', wdir='C:/Users/

MAC')
logcat-output2.txt dosyasinin SHA-256 hash degeri:

3ce393d2bd546538d1433a9816f66d9da
153ccl
Hash degeri output2_hash.txt dosyasina yazilmistair.

b7e4c@

Sekil3.Text Dosyasiin Hash Bilgileri
(Hash Information of the Text File)

3.2.3. Veri filtreleme asamasi(Data Filtering
Phase)Veri filtreleme asamasinda ¢iktisi alinan Logcat
kayitlar1 iizerinde filteleme amaciyla findstr
komutlari ¢aligtirtlmistir. Temel anlamda asagida
verilen filtre komutlar kullanilmustir:

=  Kamera Servisleri: findstr /i
"CameraService", “DELETE”,

= Ses Kayd:: findstr /i "AudioRecord
MediaRecorder"

= Konum Servisleri: findstr /i
"LocationManager"

= Harita Uygulamasi: findstr “Maps”,
“Gazipark”

= Bluetooth Servisleri: findstr “Bluetooth”

= Web Gezintisi: findstr  “Chrome”,
“Milliyet”

Ses Kayd: ve olusturulan fotograf dosyalari igin
anahtar kelime olarak dosya adlar1 aratilmis ve tespit
edilmistir. Bunun disinda anahtar kelime aramasiyla
elde edilemeyen bluetooth dosya aktarimi islemi
bilgileri i¢in python betigi olusturulmustur, bu birden
fazla kelimenin aratilmasina; geligsmis aramaya olanak
tanimigtir.

3.2.4. Analiz Asamasi(4nalysis Phase)

Senaryolarda  gerceklestirilen  iglemlerdeki
verilerle Logcat c¢iktisinda elde edilen verilerin
karsilastirildigi asamadir. Senaryolarda olusturulan
verilerle logcat filtreleme islemleri sonucunda elde
edilen veriler kiyaslandiginda senaryolar sonucu
olusturulan verilerin sadece 1 tanesine dolayli yoldan
ulastlmistir. Fotografin gizlenmesi senaryosunda
galeri igerisindeki gizli albiime eklenen fotograf
logcat ¢iktilarinda net bir sekilde gozlenememis ancak
encryption mesajinin  ¢iktida goriinmesi  sliphe
uyandiracak nitelikte olarak kaydedilmistir. Analiz
asamast sonucunda elde edilen veriler bulgular
kisminda detaylica agiklanmigtir. Analiz asamasinda
temel amag senaryolarda olusturulan verilerle logcat
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ciktisindaki verilerin  kiyaslanmast ve boylece
dogrulugunun ispatlanmasidir.

4. BULGULAR (FINDINGS)
Standart Logcat Ciktisinda Bulunan Bilegenler

Standart bir logcat ¢iktisinda Tarih ve saat, PID
(Process ID) ve TID (Thread ID), Log Seviyesi (V =
Verbose D = Debug, I = Info, W = Warning, E =
Error) bulunmaktadir. Bilesen (tag) debugging hata
ayiklama modunda elde edilmekte, standart log
¢iktisinda gozlenmemektedir.

Asagida standart bir logcat ¢iktisi iizerindeki veriler
ayritili olarak anlatilmistir(USB Debugging islemi
gerceklestirildigi icin bilegen kismi gozlenmektedir).

0606 23:11:24.712[3734 5734E CameraManager|

Tarih ve Saat

l 7\

006-06 23:11:24.712] 5734 5734£pamem_Manager I

Logun kaydedildigi tarih (06-06: 6 Haziran) ve saat
(23:11:24) ile milisaniye diizeyinde zaman damgasi
elde edilmistir.

PID (Process ID) ve TID (Thread ID)

—

7\
p6-06 23:11:24.712| 5734 5734 E [CameraManager |

5734-5734 1lgili logu iireten islem id’si ve is parcacig
id’si kimligi elde edilmistir.

Log Seviyesi (Log Level)

—

7\
06-06 23:11:24.712] 5734 57345]camemManager |

V = Verbose D = Debug, I = Info, W = Warning, E =
Error olarak verildigi iizere E. Error kodu elde
edilmistir.

Bilesen(Tag)

—

7\
06-06 23:11:24.712] 5734 5 734 E CameraManager |

CameraManager

flgili logun hangi uygulama kaynakl galistigin1 belli
etmektedir, Kamera yoneticisi tespit edilmistir.

Ozetlenecek olursa, standart bir log kaydi ¢iktisinda
zaman damgasi, iglem kimligi (PID), thread kimligi
(TID), paket adi, glinliik seviyesi, etiket ve govde
bulunmaktadir. 1k ii¢ alan sistem tarafindan atamirken
bilesen ad1 yalnizca debug modunda goriiniir, glinliik
seviyesi, govde ise uygulamanin programinda
tanimlanmaktadir[24].

Bulgular Giris kisminda yer alan arastirma sorularina
cevap verecek sekilde olusturulmustur.

RQ1: Adli bilisim acisindan ele alindiginda mobil bir
cihazdan hangi onemli veriler elde edilebilir?

Android isletim sistemine sahip bir cihazda,
Logcat vasitasiyla telefonda gergeklestirilen giinliik
iglemler (telefonu agma-kapatma, ana ekrana girme),
Kamera servisleri islemleri( Kamera uygulamasini
kullanma, Fotograf ¢ekme, Fotografi gizleme),
Bluetooth  Islemleri  (Bluetooth ile baglanti
kurma,Bluetooth ile dosya aktarimi), Ses Kaydi
iglemleri(Ses kaydi olusturma), Wifi baglantisi kurma
islemi, Web gezintisi, Harita uygulamasi(Google
Maps lizerinden yol tarifi), konum servislerini agma-
kapatma islemleri tespit edilebilir.

Elde edilen verilerin 6nemi, yiiriitiilen sug
sorugturmasinin niteligine ve ihtiya¢ duyulan delil
tiirine bagh olarak degiskenlik gosterecektir. Adli
bilisim baglaminda degerlendirildiginde, sistem
loglar1 gibi kayitlarin delil degeri; olaym yapisina,
teknik ayrintilarina ve ispatlanmasi gereken unsurlara
gore farklilik arz eder.

Ornegin; bir siiphelinin olay yerinde bulunup
bulunmadiginin tespiti amaciyla konum verilerinin
incelendigi bir sorusturmada, cihaz loglarinda yer alan
Wi-Fi erigsim noktalar1 ya da GPS verileri kritik neme
sahip olabilir. Benzer sekilde, sucla baglantili delilin
mobil cihazdaki fotograf olarak degerlendirildigi bir
sorusturmada, fotografin olusturulmasi, silinmesi
veya gizlenmesi gibi iglemler log kayitlari {izerinden
izlenebilir. Bu tiir verilerin zamaninda ve dogru
yontemlerle toplanmalari adli siire¢ler agisindan
belirleyici olabilir.

RQ2: Android isletim sistemine sahip bir cihazda
Logcat vasitastyla telefonda gerceklestirilen giinliik
islemler (telefonu acma-kapatma, ana ekrana girme)
tespit edilebilir mi?

Yazilim gelistiricileri tarafindan siklikla
tercih edilen hata ayiklama islemlerinin bir
gereksinimi olarak giindelik olarak gergeklestirilen
islemler ekrana dokunma ana sayfaya girme vb.
Androi isletim sisteminin android kullanicilarina
sundugu hizmetler arasinda sayilmaktadir. Senaryolar
sonucunda elde edilen  ¢iktilar  dahilinde
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gerceklestirilen biitiin islemler logcat sisteminde kayit
altina alimusgtir.

4.1. Kamera Servisleri(Camera Services)

RQ3: Android igletim sistemine sahip bir cihazda Logcat vasitasiyla Kamera servisleri islemleri tespit edilebilir
mi ?

C:\Users\MAC>findstr "CameraService" logcat-output2.txt

06-06 23:09:15.454 664 664 I CameraService: CameraService started (pid=664)

06-06 23:09:15.454 664 664 I CameraService: CameraService process starting

06-06 23:09:22.760 664 776 I CameraService: onDeviceStatusChanged: Status changed for camerald=0, newStatus=1

06-06 23:09:22.760 664 776 E CameraService: onDeviceStatusChanged: ion to the same status @x1 not allowed
06-06 23:09:22.760 664 776 I CameraService: onDeviceStatusChanged: ged for camerald=1, newStatus=1

06-06 23:09:22.760 664 776 E CameraService: onDeviceStatusChanged: ion to the same status @x1 not allowed
06-06 23:09:22.760 664 776 I CameraService: onDeviceStatusChanged: ged for camerald=2, newStatus=1

06-06 23:09:22.760 664 776 E CameraService: onDeviceStatusChanged: ion to the same status @x1 not allowed
06-06 23:09:22.760 664 776 I CameraService: onDeviceStatusChanged: d for camerald=3, newStatus=1

06-06 23:09:22.760 664 776 E CameraService: onDeviceStatusChanged: State transition to the same status ex1 not allowed
06-06 23:09:25.099 1137 1137 I SystemServer: StartCameraServiceProxy

06-06 23:09:25.091 1137 1137 I SystemServiceManager: Starting com.android.server.camera.CameraServiceProxy

06-06 23:09:28.403 664 835 I CameraService: CameraService::connect call (PID -1 "cameraserver", camera ID @) for HAL version default and Camera API version 1
06-06 23:09:28.411 664 835 E CameraService: can not read file /data/.camera/RUS_camera_hardware_thirdParty.

06-06 23:09:28.415 664 835 I CameraService: CameraService::connect, oppo.camera.packname = cameraserver

06-06 23:09:28.417 664 835 I CameraService: onTorchStatusChangedLocked: Torch status changed for camerald=0, newStatus=@
06-06 23:09:28.460 664 835 I CameraService: onTorchStatusChangedLocked: Torch status changed for camera newStatus=0
06-06 23:09:28.622 664 835 I CameraService: onTorchStatusChangedLocked: Torch status changed for camerald=0, newStatus=1
06-06 23:09:28.626 664 835 I CameraService: disconnect: Disconnected client for camera @ for PID 664

06-06 23:09:30.478 664 835 I CameraService: CameraService::connect call (PID -1 "cameraserver", camera ID 1) for HAL version default and Camera API version 1
06-06 23:09:30.479 664 835 E CameraService: can not read file /data/.camera/RUS_camera_hardware_thirdParty.

06-06 23:09:30.482 664 835 I CameraService: CameraService::connect, oppo.camera.packname = cameraserver

06-06 23:09:30.607 664 835 I CameraService: disconnect: Disconnected client for camera 1 for PID 664

06-06 23:10:16.144 664 2005 I CameraService: cameraservice improve cpu gpu ddr to performance 150@ms

06-06 23:10:16.146 664 2005 I CameraService: CameraService::connect call (PID -1 "com.oppo.camera”, camera ID @) for HAL version default and Camera API version 1
06-06 23:10:16.147 664 2005 E CameraService: can not read file /data/.camera/RUS_camera_hardware_thirdParty.

06-06 23:10:16.150 664 2005 I CameraService: CameraService::connect, oppo.camera.packname = com.oppo.camera

06-06 23:10:16.152 664 2005 I CameraService: onTorchStatusChangedLocked: Torch status changed for camerald=0, newStatus=@
06-06 23:10:16.212 664 2005 I CameraService: onTorchStatusChangedLocked: Torch status changed for camerald=, newStatus=@
06-06 23:10:23.760 664 2005 I CameraService: onTorchStatusChangedLocked: Torch status changed for camerald=0, newStatus=1
06-06 23:10:23.772 664 2005 I CameraService: disconnect: Disconnected client for camera @ for PID 5734

Sekil4. Logcat Terminal Ekran Alintisi

(Screenshot of Logcat Terminal)
4.1.1. Kamera servislerini baslatma(Starting camera services)

Kamera servislerinde gerceklestirilen islemlere Mobil cihazin Uygulama meniisii {izerinden saat
ulasmak amaciyla cmd terminal ekraninda “findstr 23:09:00°da kamera uygulamasi baglatilmistir.

CameraService logcat-outpput2.txt”  komutu
calistirilmigtir.  Bu  komut igerisinde yer alan
“CameraService” anahtar kelime grubu output2 text 23:09:28.403 CameraService::connect
dosyasi igerisinde aratilmugtir.

Kamera
Baglatild1

Senaryo Bu iglem ile birlikte kamera servisleri (donanim
erisimi, Onizleme bagslatma, sensér kontrolii vb.)

“Kamera Servislerinin Bagslatilmas1 ve Fotograf aktive edilmistir.

Cekimi islemleri gergeklestirilmistir.”

. N 23:09:28.622  Torch newStatus=1 | 0t0&raf
Islem Tarihi: 06.06.2025 Saat: 23:09:15 Cekimi

Senaryo Adimlar: Fotograf Cekim Islemi

Kamera Uygulamasimin Baslatilmasi
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Kamera uygulamasi baslatildiktan hemen sonra, ayni
dakika igerisinde fotograf c¢ekilmigtir. Goriintii,
cihazin dahili depolamasina kaydedilmistir.

Kamera Uygulamasinin Kapatilmasi

Fotograf ¢ekiminin hemen ardindan, yine saat 23:09
icerisinde kamera uygulamasi kapatilmistir.

Kamera

23:09:28.626 kapand1

disconnect

Kamera servisleri devre dig1 birakilmig, uygulama
arayiizii sistem tarafindan sonlandirilmistir.

Kamera servisleri iizerinde gergeklestirilen servisi
baslatma, fotograf ¢cekme, servisi kapatma senaryolari
zaman damgalar1 dogru sekilde tespit edilmistir.

4.1.2. Galeriden bir fotograf silme (Deleting a photo from the gallery)

06-06 23:10:58.420 1137 3086 W ActhltyHanager app. persistent false app.isolated false app.removed false app ProcessRecord{1daed34 6602 con. oppo. aod/ 100}
06-06 23:11:24.558 5907 5907 D WindowClient: Remove from mViews: DecorViewd8aBa991[], this = android.view.WindouManagerGlobal@9lectos

06-06 23:11:24.691 597 5965 D ContentResolver: rowsDeleted 4 granted true

06-06 23:11:24.712 5734 5734 E Camerallanager: onReceiver, intent action: com.oppo.gallery3d.action.DELETE_PICTURE, packageName: null
06-06 23:11:24.722 1137 3086 V Windowlanager: Remove Itindon{b@1265¢ ud Deletingd(G} client=29e3ccf, surfaceController=Surface(name=Deleting0(G) Callers=com.android.serven
um.indowState. removeIfPossible: 2087 com.android. server.um.iindouManagerService. removehindow: 2368 com.android.server.um.Session. remove:225 an(roid.view. InindouSessiongStub

.onTransact:242 com.android.server.um.Session.onTransact : 166

Sekil5. Logcat Terminal Ekran Alintisi
(Screenshot of Logcat Terminal)

Kamera servisleri iizerinden gerceklestirilen Galeri
islemlerine ulagsmak amactyla cmd terminal ekraninda
“findstr CameraService logcat-outpput2.txt”
komutu galistirilmistir. Bu komut igerisinde yer alan
“DELETE” anahtar kelimesi output2 text dosyasi
igerisinde aratilmistir.

Senaryo

Kamera uygulamasi ile ¢ekilen fotografin Galeriden
silinmesi iglemi gergeklestirilmistir.

Islem Tarihi: 06.06.2025 Saat: 23:11:24
Senaryo Adimlari:
Galeri Uygulamasinin A¢ilmasi

Mobil cihaz izerinde galeri (Gallery3D) uygulamasi
baslatilmigtir.

Silinmek Uzere Fotografin Segilmesi

Galeri igerisinden daha 6nce g¢ekilmis bir fotograf
silinmek amactyla secilmistir.

Fotograf Silme Komutunun Tetiklenmesi

Saat 23:11:24.712'de sistem loglarinda kayit altina
alindig1 iizere, uygulama tarafindan su icerik kayit
edilmistir:

intentaction:
com.oppo.gallery3d.action. DELETE_PICTURE

Bu kayit, galeri uygulamasina ait yerel bir silme
isleminin gostergesidir.

Silme Isleminin Gerceklesmesi

[lgili medya dosyasi, cihazin medya depolama
alanindan geri doniisiim kutusuna taginacak sekilde
kaldirilmistir. Silme islemi sonucunda sistem medya
veritabani giincellenmistir.

06-06 23:11:24.712 5734 5734 E CameraManager:
onReceiver,intentaction:com.oppo.gallery3d.action.
DELETE_PICTURE, packageName: null
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4.1.3. Fotografi gizleme (Hiding a Photo)

Kamera servisleri tizerinden gergeklestirilen islemlere
ulagsmak amaciyla cmd terminal ekraninda “findstr
fotografdosyasiadi logcat-outpput2.txt” komutu

calistirilmigtir.  Bu  komut igerisinde yer alan
“Fotografdosyasiadi” arama  yapilacak  alanm
sinirlandirmigtir.

Senaryo

Galeri Uygulamasina Erisim ve Onceden Cekilmis
Fotografi  Gizli Albiime Kaydetme islemi
gergeklestirilmistir.

Islem Tarihi: 06.06.2025 23:13:33 —23:14:13
Senaryo Adimlari:
Galeri Uygulamasinin Bagslatilmasi

Saat 23:13:33'te OPPO’ ya ait galeri uygulamasi
baslatilmigtir.

Sifreli Icerige Yonelik Etkilesim — Uyari Penceresi

Saat 23:13:54'te, OPPO'nun sifreleme bilesenine ait
bir kullanic arayiizii bileseni
(PermissionAlertActivity)  tetiklenmistir. ~ Uyan

penceresi, sifreli iceriklere erigim girigimi veya
sifreleme modiiliine yonelik bir islem (6rnegin, sifre
¢ozme, yetkilendirme) nedeniyle ortaya g¢ikmustir.
Pencereyle etkilesime gegilmis pencere kapatilmistir.
Bu, sifreli medyaya bir erisim tesebbiisiine isaret
etmektedir.

Galeri Uygulamasinin Yeniden Baslatilmasi

Yaklasik 40 saniye sonra galeri uygulamasi ikinci kez
baslatilmigtir. Uygulamanin yeniden baslatilmasi,
potansiyel olarak farkli medya dosyalarina erigim,
goriintiileme veya islem yapilmasi anlamina
gelmektedir.  Bu  zaman  araliginda,  galeri
uygulamasina iki ayri erisim gerceklesmistir. Aradaki
siirecte, sifreli icerige ait bir sistem bileseni ile
kullanici etkilesimi tespit edilmistir. Bu, gizli/korunan
medya dosyalarina erisim  girisimi  anlamina
gelmektedir. Zaman damgalarinin sirali olmasi, bu
eylemlerin ayni olay zinciri ig¢inde oldugunu
desteklemektedir.

06 Haziran saat 23:13:33, 06 Haziran saat 23:13:54,
06 Haziran saat 23:14:13

Zaman damgalar1 adli zaman cizelgesi (timeline)
olusturmak i¢in Onemlidir. Zaman damgalarinin
kronolojik siralamasi 6zellikle bir olayin tam olarak
ne zaman gerceklestigini  belirlemek agisindan
kritiktir.

4.2. Bluetooth ile Dosya Aktarimi (Biuetooth Photo Transfer)

RQ4: Android isletim sistemine sahip bir cihazda Logcat vasitasiyla Bluetooth Islemleri(Bluetooth ile baglant:
kurma,Bluetooth ile dosya aktarim) tespit edilebilir mi?

6-07 17:20:04.182 11100 11100 W TileDecoder-1: type=1409 audit(0.0:5468): avc: denied { read } for name="wtk_cadq" dev="tspfs" ino=7417 scontext=u:r:priv_app:s8:c512,c768 tc
06-67 17:20:05.213 12157 12178 D OShare DeviceManager: resetAllReceiveDevice

06-07 17:20:96.896 11100 11100 D (olorResolverPagerddapter: onltes(lick : 2, [Resolvelnfo{745d7d3 com.google.android.gn/.ComposeActivityGuailExternal n=8x68800}, Resolvelnfc
06-07 17:20:06.815 1137 2492 I ActivityManager: START u@ {act=android.intent.action.SEND typ=image/* flg=0x3000081 cmp=con.android.bluetooth/.opp.BluetoothOpplauncherActivi
06-07 17:20:06.893 1137 2492 V WindosManager: Set focused app to: AppiindowToken{112ca12 token=Token{b61e59d ActivityRecord{c535¢74 u@ com.android.bluetooth/.opp.Bluetoothl
86-07 17:20:06.893 1137 2492 V WindowManager: findFocusedindow: Reached focused app=AppiindowToken{112cal2 token=Token{b61e59d ActivityRecord{c535¢74 u8 com.android.bluetc
06-07 17:20:06.899 463 486 I vendor.nediatek.hardwane.powengl.1-inpl: notifylppState pack:com.android.bluetooth, act:com.android.bluetooth.opp.BluetoothlpplauncherActivit
106-07 17:20:96.902 12157 12509 D OShare_0Share(lient: handleMessage.STOP_SENDE_CODE

'%6-87 17:20:06.916 18228 18259 I DCS-BackgroundhppData: sendAppBgEvent: has no pkgame=con.android.bluetooth

06-07 17:20:06.929 12477 12177 1 BluetoothOppSendFilelnfo: generateFilelnfo +#+ uri = content://media/external/inages/media/163
06-07 17:20:06.929 12177 12177 D BluetoothOppSendFileInfo: ,Current authority,media

6-07 17:20:06.946 12177 12177 D BluetoothOppSendFilelnfo: fileName = IMG20250606115801. jpg length = 2722

06-07 17:20:07.819 12177 12516 D BluetoothOppUtility: closeSendrileInfoForPreparing

06-67 17:20:07.819 12177 12516 D BluetoothOppUtility: removePrepareSendinglris

06-07 17:20:07.020 12177 12516 I BluetoothOppSendFilelnfo: generateFilelnfo #+ uri = content://media/external/inages/media/163
06-87 17:20:07.020 12177 12516 D BluetoothOppSendFileInfo: ,Current authority,media

6-07 17:20:07.028 12177 12516 D BluetoothOooSendFileInfo: fileName = ING20250606115891. 9oz length = 2722344

Sekil6. Bluetooth ile Aktarim Bilgilerinin Ekran Alintist

(Screenshot of Bluetooth Transfer Information)
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Bluetooth  servisleri iizerinden gergeklestirilen
islemlere ulagmak amactyla cmd terminal ekraninda
“findstr Fotografdosyasiad1 logcat-outpput2.txt”
komutu galistirilmistir. Bu komut igerisinde yer alan
“Fotografdosyasiadi” arama  yapilacak  alanm
sinirlandirmgtir.

Senaryo:

Bluetooth Uzerinden Dosya Gonderim Islemi

gergeklestirilmigtir.

Islem Tarihi: 06.06.2025 17:20:06.929— 17:20:06.946
Senaryo Adimlari:

Dosya Bilgilerinin URI Uzerinden Alinmast

BluetoothOppSendFileInfo sinifi, Android
MediaStore iizerinde kayith bir medya ogesini
tamimlayan URI {izerinden dosya bilgilerini
¢ekmektedir.

AlinanURI:content://media/external/images/media/l
63

Bu URI, cihazin medya veritabaninda ID degeri 163
olan bir gorsel dosyasina isaret etmektedir.

€ Spyder (Python 3.12)
File Edit Search Source Run Debug Consoles Projects Tools View Help

untitleds. py

O untitleda.py X Anahtar Kelime Arama py X untitieds.py X untitled6.py* X

Luetooth”, "transfer", "OBEX", "push”, "device",

"utf-8", errors="ignore") as file:

if any(keyword.lower() in line.lower() for keyword in keywords):
matched_lines.append(line.strip())

output_path -+ Loglari.txt"
ith open(output_path, out_file:
for matched in matched lines:
out_file.urite(matched + "\n")

print(f"{len(matched_Lines)} eslesme bulundu. Cikt: dosyasi: {output_path}")

Dosya Adinin Tespit Edilmesi

URI iizerinden erisilen dosyanin adi, sistem loglaria
gore IMG20250606115801.jpg olarak belirlenmistir.
Elde edilen kayda gore; gorselin olusturulma zamani
06.06.2025 —11:58:01 olarak yorumlanabilir. Bu bilgi,
dosyanin igerigine iligkin olusturulma zamanini ve
cihazda daha 6nce ¢ekilmis oldugunu gostermektedir.

Bluetooth Gonderim Siirecinin Baslamasi

Bahsi gecen dosya, Bluetooth lizerinden baska bir
cihaza gonderilmek iizere sistem tarafindan islenmeye
baslanmistir. BluetoothOppSendFileInfo sinifinin
bu eylemi tetiklemesi, Bluetooth paylasim isleminin
baslatildigini géstermektedir.

Dosya Ozellikleri

Android MediaStore'da yer alan bir gorsel dosyast
ID: 163

Dosya Tiirii: JPEG

Gorsel Boyut: 2.7 MB (2,722,344 bayt)

Saat 17:20:06.946'da dosya adi olan
IMG20250606115801.jpg tespit edilmektedir. Bu
bilgi, Bluetooth iizerinden bir dosya gonderme
isleminin basladig1 kismin pargasidir. Yani bu gorsel,
baska bir cihaza dosya aktariminin
gerceklestirildiginin kaydidir.

Object

Usage
Here you can get help of any object by
pressing Ctri+ in front of it, either on the

"connected"”, Help. Variable Explorer Plots Files Code Analysis

O console 1/a X .

Python 3.12.4 | packaged by Anaconda, Inc. | (main, Jun 18
2024, 15:03:56) [MSC v.1929 64 bit (AMD64)]

Type "copyright", "credits" or "license" for more
information.

IPython 8.25.0 -- An enhanced Interactive Python.

Restarting kernel...

runfile('C:/Users/MAC/untitled6.py’, wdir='C:/

)
159 eslesme bulundu. Cikt: dosyasi: C:/Users/MAC/
bluetooth_transfer_loglari.txt

TPython Console History

conda: base (Python 3.12.4) % Completions: conda(base) v LSP: Python Line 23, Col 1 UTF-8 CRLF RW Mem 76%

Sekil7. Coklu Anahtar Kelime Aramas I¢in Olusturulan Python Betigi Ekran Alintist
(Screenshot of Python Script Created for Multi-Keyword Search)
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06-07 17:28:15.589 1137 1137 D AudioServide: onReceive BluetoothAdapter state=13
06-07 17:28:15.602 12177 12177 D PanServicey Received stop request...Stopping profile...

06-07 17:28:15.604 10525 10565 D CachedBluetoothDevice: (learing all connection state for dev:0PPO ASs

L

Sekil8. Bluetooth Baglantis1 Hedef Cihaz Ekran Alintist

(Screenshot of Bluetooth Connection to Target Device)

Aktarim yapilan cihazin markas1 modeli vb bilgiler,
OBEX degerleri Python betigi ile elde edilmistir.
Betik igerisinde yazilan birden fazla kelime ile ayni
anda arama miimkiin olmus aramalar i¢in harcanan
islem siiresi kisalmistir. Python betiginde “OBEX”,
“Transfer”, “Connected”, “Send” vb. kelimeler
anahtar kelime olarak kullanilmistir(Bknz. Sekil7).

Bluetooth ile baglanti kurulan cihazin OPPO ASS
oldugu, baglantinin 6 Haziran saat 17:28:15'te sona
erdigi, bu cihazin daha 6nce eslestirilmis oldugu ve
sistemde onbellekte kayitl oldugu
(CachedBluetoothDevice) ayni anda birden fazla
anahtar  kelime  aramast  yontemiyle  elde
edilmistir(Bknz Sekil8).

4.3. Ses Kayitlar1 (4udio Recordings)

ROS5: Android isletim sistemine sahip bir cihazda
Logcat vasitasiyla Ses Kaydi islemleri tespit edilebilir
mi?

Ses Kayitlart servisleri iizerinden gerceklestirilen
islemlere ulagmak amactyla cmd terminal ekraninda
“findstr SesKaydiDosyaAd1 logcat-outpput2.txt”
komutu g¢alistirtlmistir. Bu komut igerisinde yer alan
“SesKaydiDosyaAd1” arama yapilacak alam
sinirlandirmgtir.

Senaryo

Ses Kaydinin Olusturulmasi, Erisilmeye Calisiimasi
ve Sonrasinda Dosyanin Bulunamamasi isglemleri
gergeklestirilmistir.

Islem Tarihi: 07.06.2025 17:25:08
Senaryo Adimlar::
Ses Kaydnin Olusturulmasi

expandFile(/storage/emulated/0/Recordings/REC202
50607172508.mp3,1) satir1, ilgili ses dosyasinin
olusturulmaya veya islenmeye baslandigim
gostermektedir.

Dosya Sistemine Kaydedilme

Olusturulan ses kaydi, Android dosya sisteminde
belirtilen dizine kaydedilmek {izere planlanmistir:
/storage/emulated/0/Recordings/

Dosyaya Erisim

Sonraki adimda, sistem MediaScanner araciligiyla bu
dosyaya erismeye ¢aligmaktadir.

Dosyanin Bulunamamasi:

Sistem tarafindan asagidaki hata mesaj1 tiretilmistir.
MediaScanner: prescan, Libcore.os.access failed,
access failed: ENOENT (No such file or directory)
ENOENT (Error NO ENTry) hatasi, belirtilen
dosya yolunun artik gegerli olmadigini ve dosyanin
silinmig veya tasinmis oldugunu gostermektedir.
Dosyanin fiziksel olarak mevcut olmamasi, silinme
islemi veya baska bir miidahaleyi gdstermektedir.
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4.4. WiFi Baglantis1 (wi-Fi Connection)

RQ6: Android igletim sistemine sahip bir cihazda Logcat vasitasiyla Wifi baglantisi kurma islemi tespit edilebilir
mi?

4

06-07 17:30:52,651 1137 1332 D WifiStateMaching: MtkL2ConnectedState { when=@ what=147462 obj= SSID: NUMEINGISE

L

Wi-Fi Baglantisi islemlerine ulagsmak amaciyla cmd
terminal  ekraninda  “findstr WIFI  logcat-
outpput2.txt” komutu c¢alistirlmistir. Bu komut
disinda ayni text dosyasinda “SSID” anahtar kelime
aramasi gerceklestirilmistir.

Senaryo:

Mobil cihazla Wi-Fi Baglantist Kurulma islemi
gergeklestirilmistir.

Islem Tarihi: 07.06.2025 Saat: 17:30:52
Senaryo Adimlari:
Kablosuz Ag Taramasi ve Se¢imi

Mobil cihaz, kablosuz aglar arasinda bir tarama
gerceklestirmistir ve bir aga baglanmak {izere se¢im
yapilmustir.

nid: 1 state: GROUP HANDSHAKE target=com.android.internal.util,StateNachinefSnHandler }

Sekil9. Wifi Baglantis1 Ekran Almtist
(Screenshot of Wi-Fi Connection)

WPA Anahtar Degisimi

Saat 17:30:52 itibariyla cihaz, WPA-PSK (Wi-Fi
Protected Access — Pre-Shared Key) protokolii
iizerinden sifreli kimlik dogrulama ve anahtar

degisimini basariyla tamamlamigtir. Bu islem, 4-yollu
el sikigma (4-way handshake) prosediiriinii
icermektedir ve baglanti glivenligini saglamaktadir.

Baglantimin Kurulmast

Anahtar dogrulamasinin tamamlanmasiyla birlikte
cihaz, segilen kablosuz aga Dbasarili sekilde
baglanmistir. Sistem tarafindan baglant1 Profil ID: 0
ile iliskilendirilir. Bu, cihazda dnceden kayitli bir
baglant1 yapilandirmasimnin kullanildigint gosterir.

Ozetleyecek olursak; Agm adi (SSID) veya MAC
adresi (BSSID) bilgisi, Mobil cihaz arayiiz {izerinden
WPA  sifreleme  anahtar  degis  tokusunu
tamamlamistir. Baglant1 basarili ve tamamlanmistir.
Baglant1 profili ID 0 ve yapilandirmas1 WPA PSK
(sifreli ag) bilgilerine ulasilmaktadir.
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4.5. Web Gezintisi(web Browsing)

RQ7: Android isletim sistemine sahip bir cihazda Logcat vasitasiyla Web gezintisi islemi tespit edilebilir mi?

17:29:36.247 15858 15858 I chromium: [INFO:CONSOLE(1)] "Uncaught SyntaxError: Unexpected token .", source: https://www.milliyet.com.tr/son-dakika-haberleri

58 15858 I chromium: [INFO:CONSOLE(1)] “"netmera::info::", source: https://ntm.netmera-web.com/wsdk2/nmweb/netmera_sdk.js (1)
15858 I chromium: [INFO:CONSOLE(1)] "Uncaught ReferenceError: $ is not defined", source: https://www.milliyet.com.tr/son-dakika-haberler

Sekil10. Web Gezintisi Ekran Alintisi

(Screenshot of Web Browsing

Web Gezintisi islemlerine ulagmak amaciyla cmd
terminal ekraninda “findstr chrome logcat-
outpput2.txt” komutu c¢alistirlmistir. Bu komut
icerisinde yer alan “chrome” arama yapilacak alan
sinirlandirmigtir.

Senaryo:
Tarayict  Uzerinden ~ Web  Sitesi  Ziyareti
gergeklestirilmistir.

Islem Tarihi: 07.06.2025 Saat: 17:29:36.247
Senaryo Adimlar:
Web Tarayicisinin Kullanilmasi

Mobil cihazda Chromium tabanli bir tarayici
kullanilarak internet gezintisi yapilmistir. Bu bilgi,
sistem loglarinda yer alan I chromium: etiketiyle
dogrulanmaktadir.

I harfi, logcat ¢iktisinda log seviyesini belirtmektedir.
Buradaki “I”, Information (Bilgi) seviyesini temsil
eder. Bu satir, sistem tarafindan bilgi verme amaciyla
kaydedilmistir.

Chromium etiketi log kaydimi {ireten uygulama
bilesenin adidir. Chromium, Google Chrome’un agik
kaynak kodlu temelidir.

Android cihazlarda Chromium tabanli tarayicilar
(6rnegin Google Chrome, Samsung Internet, Opera,
Brave gibi) bu etiketi kullanmaktadir. Senaryoda
internet sayfasinin Chrome iizerinden aranmis olmasi
bu durumu destekler niteliktedir.

URL ’ye Erisim Saglanmasi

Saat  17:29:36.247'de
edilmistir.

asagidaki URL  ziyaret

https://www.milliyet.com.tr/son-dakika-haberleri/

Bu baglanti, bir haber sitesinin "son dakika" haberleri
sayfasidir. Senaryoda olusturulan islemler eksiksiz
elde edilmistir.
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4.6. Harita Uygulamasi( Map Application)

RQS: Android isletim sistemine sahip bir cihazda Logcat vasitasiyla Harita uygulamast islemleri tespit edilebilir

mi?

mpaign=ml-navnp-dr-aht_2

4 pkghame

!4m5 im@ n2!im
om.google.android.maps.

Sekilll. Harita Uygulamasi Ekran Alintisi

(Screeshot of Map Application)

Harita Uygulamasi islemlerine ulagmak amaciyla cmd
terminal ekraninda “findstr gazipark logcat-
outpput2.txt” komutu c¢alistirlmistir. Bu komut
icerisinde yer alan “gazipark” arama yapilacak alan
sinirlandirmgtir.

Senaryo:

Google Maps Uzerinden "Gazi Park" Lokasyonunun
Aratilmasi islemi gergeklestirilmistir.

Islem Tarihi: 07.06.2025 Saat: 17:31:08

Senaryo Adimlar::

Google Maps Uygulamasinin A¢ilmasi:

Mobil cihazinda yiiklii olan Google Haritalar (Maps)
uygulamasi baglatilmstir.

Yer Aramasimin Yapilmasi

Uygulama agikken, arama cubuguna "Gazi Park"
ifadesi girilerek yer aramasi gergeklestirilmistir.

Hedef Lokasyonun Belirlenmesi

Google Maps, eslesen sonuglar  arasindan
Ankara/Yenimahalle il¢esinde bulunan Gazi Park"i
tespit etmis ve kullaniciya gorsel harita, konum isareti
ve yol tarif se¢enekleri sunmustur.

Hedefe Navigasyon Hazirligi

Arama yapilan (17:31:08)
yonlendirme baglatilmistir.

hedefe  yonelik

4.6.1. Konum servislerini acma ve kapatma(Enabling
and disabling location services)

Konum Servisleri iglemlerine ulagmak amaciyla cmd
terminal ekraninda “findstr location logcat-

outpput2.txt” komutu c¢alistirlmistir. Bu komut
icerisinde yer alan “location” arama yapilacak alan
sinirlandirmigtir.

Senaryo:

Konum Ayarlarmin Etkinlestirilmesi ve Yol Tarifi
Baglatilmasi islemleri gergeklestirilmistir.

Islem Tarihi: 06.06.2025 Saat: 23:15:45.217 —
23:15:45.221

Senaryo Adimlar::
Konum Ayarlart Diyalogunun Goriintiilenmesi

Saat 23:15:45.217'de sistem loglarinda, Google Play
Hizmetleri bileseni olan
LocationSettingsOffDialogActivity adli konum
servisleri uyar1 penceresinin gosterildigi tespit
edilmisti. Bu pencere, kullanicidan konum
servislerini  etkinlestirmesi i¢in onay alinmasi
amaciyla sistem tarafindan agilmistir.

Yol Tarifi Isleminin Baslatilmas:

Konum servislerinin etkinlestirilmesinden sonra, bir
navigasyon uygulamasi {izerinden yol tarifi
baslatilmistir. Hedef adres olarak asagidaki lokasyon
tanimlanmistir: Gazi Park, Emniyet, Cars1 Yolu Sk.
No:2, 06560 Yenimahalle / Ankara

Hedefin cografi koordinatlart da sistem tarafindan
iglenmistir:

Latitude (Enlem): 39.9436024
Longitude (Boylam): 32.752334

Koordinatlar: Enlem (Latitude): 39.9436024, Boylam
(Longitude): 32.752334
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5. TARTISMA (DISCUSSION)

Arastirmada, belirli senaryolar {iizerinden elde
edilen logcat kayitlar1 incelenmis ve her bir senaryoya
ait veriler basarili bir sekilde tespit edilmistir.
Toplamda 11.9 MB biiyiikliigiinde ve 103.973
satirdan olusan bu veriler, mobil cihazlarda
gergeklestirilen en basit iglemlerin bile biiyiik
miktarda ¢ikti {rettigini ortaya koymaktadir. Bu
durum, logcat kayitlarinin oldukga ayrmtili ve detayl
veriler igerdigini gostermektedir. Ancak, logcat
verilerinin kayit edilebilmesinin mobil cihazlardaki
buffer boyutuna bagli olmasi nedeniyle, bu verilerin
ucucu (volatile) nitelik tasidigr ve hizli bir sekilde
silinebilecegi veya lizerine veri yazilabilecegi gercegi
gdz Oniinde bulundurulmalidir. Bu baglamda,
ozellikle su¢ sorusturmalarinda, log verilerinin hizli
bir sekilde toplanmasi ve muhafaza edilmesi son
derece kritiktir. Bu nedenle, log verilerinin miimkiin
olan en kisa siirede, 6zellikle metin formatinda (.txt)
almarak saklanmasi, potansiyel delil kaybim
engellemek adina biiyiik 6nem tagimaktadir.

Aragtirma, literatiirdeki mevcut ¢aligmalarla
karsilagtirildiginda, logcat verilerinin dogrulugunu ve
giivenilirligini sistematik bir sekilde test eden nadir
caligmalardan biri olarak one g¢ikmaktadir. Mevcut
literatiirde genellikle logcat verilerinin dogrulugu
iizerine dogrudan bir degerlendirme yapilmamis olup,
¢ogu ¢alisma yalnizca log verilerinin toplanmasi veya
analiz edilmesine odaklanmigtir. Bu baglamda,
arastirmamiz logcat verilerinin dogrulugunu test etmis
ve elde edilen sonuglart somut verilerle
desteklemistir.

Literatiir incelendiginde, Android cihazlardan
elde edilen log verilerinin adli bilisim baglamindaki
potansiyeline  dikkat ¢eken  birkag c¢alisma
bulunmaktadir [10]-[12], [19]-{22]. Ancak bu
caligmalarin ¢ogu, logcat ¢iktilarinin dogrulugu veya
adli analizdeki uygulanabilirligi iizerinde sistematik
bir degerlendirme sunmamustir. Ornegin, baz1
aragtirmalar [19], [21] log ayrigtirma araglarinin
etkinligini veya veri toplama siireglerini ele almus,
ancak bu verilerin ger¢ek zaman ¢izelgeleri ve
kullanic1 davraniglarini giivenilir sekilde yansitip
yansitmadigint dogrudan incelememistir.

Arastirma, literatiirdeki boslugu doldurarak,
logcat  wverilerinin  adli  bilisim  siireglerinde
kullanilabilirligini test etmis ve elde edilen verilerin
dogrulugunu senaryo temelli analizlerle kanitlamistir.
Ozellikle olaya yonelik zaman haritalandiriimast,
kullanici davraniglarini analiz etme baglaminda logcat
verilerinin sagladigi deger ortaya konmustur.

Yapilan literatiir incelemesi ve arastirmada elde
edilen senaryo tabanli bulgular bir araya
getirildiginde, log verilerinin adli bilisimde kullanim
potansiyeli ile ilgili baz1 ortak desenler ve onemli
¢ikarimlar ortaya ¢ikmaktadir.

Loglarin Adli Analiz Igin Giivenilirligi ve Dogrulugu

Literatiirde, mobil cihaz loglarinin adli
bilisim siire¢lerinde kullanim1 sinirlt olmakla birlikte,
loglarin onemli 6lgiide veri saglama kapasitesine
dikkat c¢ekilmistir. Ornegin, arastirmalar Android
loglarinin dijital delil olarak 6nemini vurgulamakta ve
ham loglarin islenmesinde dogru araglarin ve uygun
on  isleme  yontemlerinin  kritik  oldugunu
belirtmektedir [101,[19].
Senaryo bulgularimizda, logcat kayitlar1 kamera
servisleri, WiFi baglantisi, Google Maps ve web
aktiviteleri gibi  farkli  sistem  bilesenlerinde
gerceklesen olaylart kesin zaman damgalariyla
kaydetmistir. Bu, literatiirde one siriilen “loglarin
adli degerinin dogruluk ve biitiinliik temeline
dayandigi”  bulgusuyla  dogrudan  paralellik
gostermektedir.

Mobil Cihaz Loglarimin Cesitliligi

Arastirmalar, mobil cihazlarda SQLite
tabanli loglar ve ara¢ ic¢i loglarin veri zenginligi
acgisindan adli bilisimde 6nemli firsatlar sundugunu
belirtmektedir  [15], [18]. Benzer sekilde,
arastirmamizda yer alan farkli senaryolar (Bluetooth
dosya aktarimi, ses kayitlari, harita kullanimi..vb.)
logcat kayitlar1 tlizerinden net bir sekilde tespit
edilmistir. Bu durum, mobil loglarin hem kullanici
aktivitelerini hem de cihaz davraniglarini biitiinsel bir
sekilde izlemede degerli oldugunu gostermektedir.

Olay Zaman Cizelgesi Olusturma Potansiyeli

Literatiirde, loglarin kronolojik olarak
siralanmasi ve nedensellik bilgisi eklenmesi yoluyla
olaylarin dogru sekilde ¢oziimlenmesini saglayan
yontemler gelistirilmistir[17],[20]. Senaryo tabanl
analizlerimizde, logcat kayitlar1 olaylarin tam
zamanlamasini saglayarak fotograf silme, WiFi
baglantisi, konum aramasi gibi aktivitelerin net bir
sekilde kronolojisini olusturmustur. Bu, literatiirde
onerilen “loglarin olay ¢éziimleme ve zaman ¢izelgesi
olusturma amagli kullanilabilirligi” ile
ortiismektedir.

Hassas Bilgi Kapasitesi

Arastirmada, logcat ile kullanici parolasi
veya ekran deseni gibi kritik bilgiler elde
edilemezken, wifi baglantist ve web gegmisine
yonelik hassas veriler tespit edilebilmistir. Bu durum,
literatlirde loglarin hem firsat hem de potansiyel
riskler barindirdigina isaret eden bulgularla
uyumludur [22]. Loglar, adli siireclerde degerli
bilgiler saglarken, veri gizliligi ve giivenligi agisindan
dikkatli kullanim gerektirmektedir.
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Ortak Temalar ve Literatiire Katki

Tim c¢aligmalar ve bizim bulgularimiz goz Oniine
alindiginda su ortak temalar ortaya ¢ikmaktadir:

e Mobil loglar, 6zellikle Android logcat, adli
bilisimde zaman damgali ve dogrulanabilir
veri saglamaktadir.

e Loglar, olay zaman c¢izelgesi olusturma,
kullanic1 davranist analizi agisindan kritik
oneme sahiptir.

e Loglarin kapsaml1 analizi, adli
sorusturmalarin  etkinligini  artirmakta,
olaylarin yeniden yapilandirilmasini
miimkiin kilmaktadir.

Bu baglamda, aragtirma literatiirdeki boslugu
doldurarak Android logcat verilerinin dogrulugunu
sistematik olarak test etmis ve senaryo tabanli bir
dogrulama saglamistir. Sonuglar, adli biligim
alaninda log tabanli analizlerin destekleyici delil
olarak kullanilabilecegi goriisiinii desteklemektedir.

6. SONUC ve ONERILER (CONCLUSIONS AND
RECOMMENDATIONS)

Arastirmada, mobil cihazlardan elde edilen
Logcat verilerinin adli bilisim siirecindeki etkinligi
incelenmistir. Yapilan analizler, Logcat ¢iktilarinin
Android igletim sistemi iizerinde gerceklestirilen
islemleri ayrintili bir sekilde kaydederek, adli
sorugturmalar i¢in gilivenilir bir delil kaynag:
sagladigini ortaya koymustur.

Fotograf silme, ses kaydi olusturma, Wi-Fi
baglantilari, web gezintisi, Bluetooth dosya transferi
ve konum takibi gibi kullanici aktiviteleri, Logcat
kayitlar1  iizerinden inceleme sirasinda tespit
edilebilmekte ve olaylarin kronolojik olarak
degerlendirilmesine olanak tanimaktadir.

Logcat verilerinin sagladigi bu ayrmtili bilgiler,
dijital delil toplama siirecinde suglu davranislarinin
anlamlandirilmast  ve olaylarla iligkilendirilmesi
acisindan kritik 6neme sahiptir.

Logcat ¢iktilarinin hizli bir sekilde toplanmasi ve
giivenli bir bigimde muhafaza edilmesi, dijital delil
kaybinin 6énlenmesi ve adli siireglerin verimli sekilde
yliriitiilmesi agisindan biiyiik 6nem tasimaktadir. Bu
baglamda, Logcat verileri adli bilisim uzmanlari ve
diger gorevli personel i¢in degerli bilgiler sunmakta,
mobil cihazlardan elde edilen loglarin sistematik delil
toplama stireclerine entegrasyonuna  katki
saglamaktadir.

Sonug olarak, Logcat verilerinin dogru sekilde
analiz edilmesi, adli bilisim siirecinde olaylarin
detayl sekilde incelenmesine ve su¢
sorusturmalarinda etkin delil sunulmasina olanak
tanimaktadir. Mobil cihaz aktivitelerinin izlenmesi,

zaman damgalarinin  kaydedilmesi ve kullanici
etkilesimlerinin  belgelenmesi, Logcat sayesinde
giivenilir bir bicimde gergeklestirilebilmekte ve dijital
delillerin adli siireglerdeki degerini artirmaktadir.

Oneriler

Arastirmanin bulgular 1s181inda, asagidaki onerilerde
bulunulabilir:

= Gelecekte yapilacak c¢aligmalarla, farkli
Android siirimleri ve cihaz modelleri
kullanilarak logcat verilerinin dogrulugu
daha genis veri kiimeleriyle test edilebilir.

= Farkli kullanici senaryolar1 ve uygulama
tirleri kullanilarak logcat verilerinin adli
bilisim siireglerindeki  giivenilirligi test
edilebilir.

= Android adli bilisim araglarinin logcat analiz
modiillerini  gelistirmek, bu araglarin
otomatik siniflandirma yapabilmesi ve
kullanici etkilegimlerini daha hizli bir sekilde
analiz edebilmesi i¢in faydali olacaktir.

=  Adli bilisim laboratuvarlarinda egitim ve test
amagli kullanilabilecek ortak veri setlerinin
olusturulmasi, gelecekteki caligmalarin daha
tutarlt ve tekrarlanabilir olmasini
saglayabilir.

= Logcat verilerinin, adli bilisim zaman
cizelgesi olusturma yazilimlariyla
entegrasyonu, olaylarin daha dogru bir
sekilde analiz edilmesini ve kullanici
davraniglarinin net bir sekilde izlenmesini
saglayacaktir.

Bu 6neriler, logcat verilerinin adli bilisimde daha
etkili bir sekilde kullanilmasini saglamak ve dijital

delillerin ~ giivenilirligini artirmak i¢in  6nem
tagimaktadir.
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Bu calisma, Bu ¢alisma, ultra kisa vadeli riizgar enerjisi tahmininde dogrulugu ve kararlilifi
artirmak amaciyla tasarlanmis uctan uca bir veri hatti ile hibrit derin 6grenme yaklagimlarinin
performans karsilastirmasini sunmaktadir. SCADA tabanli ¢ok degiskenli verilere, anomali
giderme islemi DBSCAN ile, 6zellik se¢imi ise RFECV tabanli olarak uygulanmistir. Optuna gibi
gelismis bir hiperparametre optimizasyon araci, ilerici arama ve budama stratejileri kullanarak
modelleri (SDAE temel, CNN-LSTM ve GRU-LSTM) egitmistir. Performans, t+1'den t+6'ya
kadar MAE, RMSE ve R? metrikleriyle degerlendirilmistir. Bulgular, hibrit mimarilerin temel
(SDAE) modele kiyasla 6nemli bir istiinlik sergiledigini gostermektedir: CNN-LSTM tiim
ufuklarda siirekli olarak yiiksek dogruluk sergilerken, GRU-LSTM 6zellikle en kisa ufukta (t+1'de
R?=0.9976) en diisiik hata degerlerini iiretmisti. CNN-LSTM'nin kararhiligi ufuk uzadikga
korunmus ve t+6'da bile R?>=0.79'luk yiiksek bir performans elde edilmistir. Bu ¢alisma, en kisa
vadeli tahminler i¢gin GRU-LSTM, ufuk uzadik¢a daha kararli tahminler i¢in ise CNN-LSTM'in
operasyonel kullanimini 6nermektedir. Sonuglar, hibrit modellerin endiistriyel uygulamalar igin
giivenilir bir temel olusturdugunu ve belirsizlik modellemesi ile Sayisal Hava Tahmini (NWP)
entegrasyonuyla daha ileri kazanimlar elde edilebilecegini gostermektedir.
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This study presents a performance comparison of hybrid deep learning approaches with an end-
to-end data pipeline designed to enhance accuracy and stability in ultra-short-term wind power
forecasting. Anomaly removal using DBSCAN and feature selection based on RFECV are applied
to multivariate SCADA-based data. An advanced hyperparameter optimization tool, Optuna,
trained the models (SDAE baseline, CNN-LSTM, and GRU-LSTM) using progressive search and
pruning strategies. Performance is evaluated using MAE, RMSE, and R? metrics from t+1 up to
t+6 horizons. The findings indicate a significant superiority of the hybrid architectures over the
baseline (SDAE) model: CNN-LSTM maintains consistently high accuracy across all horizons,
while GRU-LSTM yields the lowest error metrics specifically at the shortest horizon (achieving
an R?=0.9976 at t+1). The stability of the CNN-LSTM is maintained as the forecasting horizon
extends, achieving a respectable performance of R?=0.79 even at t+6. This work proposes the
operational use of GRU-LSTM for the shortest-term forecasts and CNN-LSTM for more stable
predictions as the horizon lengthens. The results demonstrate that hybrid models establish a
reliable foundation for industrial applications and suggest further gains are possible through the
integration of uncertainty modeling and Numerical Weather Prediction (NWP).
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1. INTRODUCTION (GIRiS$)

The growing global demand for energy and efforts
to combat climate change have made the integration
of sustainable energy sources a critical priority. Wind
energy, one of the fastest-growing components of the
renewable energy portfolio, plays a strategic role in
reducing dependence on fossil fuels. As of 2023,
global wind energy capacity has exceeded 900
gigawatts (GW), meeting approximately 7% of the
world's electricity demand. Turkey has also emerged
as a major player in this field, with its total installed
wind energy capacity exceeding 12 GW by the end of
2023, providing approximately 11% of the country's
electricity production [1-2-3]. However, the inherent
variability and intermittent production structure of
wind energy create significant challenges for grid
integration and energy system management [4].
Sudden changes in wind speed and complex
atmospheric conditions are among the most important
factors that reduce the accuracy of forecasting models
[5]- Therefore, accurate and reliable wind power
forecasting is vital for increasing operational
efficiency, ensuring grid stability, and improving
economic efficiency in energy markets. In this
context, ultra-short-term (less than one hour) wind
power forecasts have become essential for regulating
instantaneous operational activities and maximizing
plant profitability[6].

In the field of wind power forecasting, there has been
a significant evolution from traditional statistical
methods towards more advanced machine learning
and deep learning algorithms. In particular, hybrid
deep learning architectures (such as Convolutional
Neural Networks-Long Short Term Memory (CNN-
LSTM) and Gated Recurrent Unit (GRU)- LSTM),
thanks to their ability to model complex temporal and
spatial relationships in sequential data, offer
promising results in wind power forecasting.
However, despite these developments, research is
needed to optimize data quality and model parameters
to further advance model performance [7-8].

This study aims to present a new methodological
approach for ultra short term wind power prediction
using high-resolution data obtained from a wind
power plant in Hatay province. First, during the data
preprocessing stage, the Density Based Spatial
Clustering of Applications with Noise (DBSCAN)
algorithm was applied to clean up erroneous and noisy
points commonly encountered in wind energy data.
Then, to determine the most relevant features to be
used in model training, the Recursive Feature
Elimination with Cross Validation (RFECV) method,
a model performance-focused method frequently used
in the literature, was applied. In the modeling phase,

the Stacked Denoising Autoencoder (SDAE), a
baseline model, was compared with CNN-LSTM and
GRU-LSTM models, hybrid architectures proven
effective in the literature. To achieve optimal
performance for all models, Optuna, a modern
hyperparameter optimization tool rarely used in the
Turkish literature in this field, was utilized. This
comprehensive approach aims not only to improve
prediction accuracy but also to enhance the model's
generalization ability and robustness. The findings of
this study will provide valuable insights for more
reliable and practical prediction solutions for the
energy sector.

1.1. Literature Review (Literatiir Taramas:)
Wind energy forecasting is divided into different

classes and sections. These are classified according to
the forecasting time frame as 'Ultra Short-Term

Forecasting (less than one day), Short-Term
Forecasting (1 Day- 1 Week), Medium-Term
Forecasting (1 Month- 1 Year), Long-Term

Forecasting (More than 1 Year)' [9-10-11]. The main
reason for selecting ‘Ultra Short-Term Forecasting’ in
this study is to help organize instant operational
activities, which is one of the important operational
steps in power plants to maintain maximum
profitability. Ensuring grid stability, preventing
control and optimization problems, providing more
accurate bids to electricity markets, reducing financial
losses due to forecasting errors, and ensuring that
actual production is in line with commitments are
among the most important problems to be solved [12].
Ultra short-term wind energy forecasting is crucial for
mitigating the intermittent nature of wind energy and
improving grid integration. Recent research has
explored various approaches to improve forecast
accuracy. Multivariate multi-step reanalysis, when
combined with multivariate linear regression, has
shown promising results in improving forecast
accuracy [13-14].

A systematic review by [15] reported that studies
generally focused on either long horizons or ultra-
short periods. Specifically, [16] calculated the first
three steps using different hybrid models and found a
reduction of around 40% compared to classical
models. Advances in ultra-short-term forecasting
methods have accelerated, increasing accuracy and
reliability through multivariate, multistep wind power
forecasting techniques. A review of recent studies
reveals that various models integrating complex
algorithms and data decomposition techniques have
been presented to improve forecast performance, as
presented by [17] and [18].
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DBSCAN algorithm used in this study has emerged as
an important tool for data preprocessing in wind
forecasting studies, providing valuable and accurate
results. The algorithm, which effectively identifies
and separates noise and anomalous data points,
increases the accuracy of wind power forecasts and
has been used in the industry since the 2010’s [19-20-
21]. RFECV selects optimal feature combinations
based on statistical importance measures, effectively
reducing forecasting errors when combined with
neural networks [22].

The SDAE used in this study served as the baseline
model and was included for comparison purposes.
This model was chosen because it represents the
fundamental level of machine learning algorithms, is
widely used in industry, and is still employed in
literature for different hybrids or different purposes
[23-24]. SDAE algorithms can effectively capture
complex patterns in wind energy data characterized by
high volatility and non-linear relationships, providing
an advantage over conventional classification
algorithms [25-26-27-28].

Recent developments have focused on improving the
accuracy of wind energy forecasting through the
development of hybrid models consisting of CNN and
LSTM networks. These models utilize the spatial data
processing capabilities of CNN and the temporal data
processing capabilities of LSTM. CNN-LSTM
algorithms that predict wind speed, which is critical
for wind power forecasting [29-30-31-32] are then
used for power forecasting.

Numerous studies in the literature have investigated
the application of CNN-LSTM models for predicting
wind energy. The common point of these studies is to
demonstrate the potential of CNN-LSTM models for
accurate wind energy prediction by focusing on high-
quality  feature extraction [33-34-35]. [36]
demonstrated high performance in predicting wind
turbine power generation and demand with minimal
error in short prediction intervals using their CNN-
LSTM Hybrid. Some studies present a short-term
wind power prediction model using a CNN-LSTM
deep learning approach enhanced with multi-feature
extraction and data clustering or feature selection
using gray correlation analysis [37-38].

Another method used, GRU-LSTM hybrids, is also
widely reported in the literature. Accuracy rates have
been increased, particularly with the integration of
Variational Mode Decomposition and Seq2Seq
(Sequence-to-Sequence) models, and these models
have proven promising in multi-step forward
forecasting for both short-term and nationwide
forecasts [39-40-41]. [42] developed multi-step ahead

forecasting models using LSTM-GRU with wind
speed correction processes, demonstrating superiority
over traditional methods. In [43] a hybrid GRU-
LSTM model outperforms individual LSTM and GRU
models in short-term wind power forecasting.

[44] noted that Optuna's main search function, the
Tree-Based Partial Distribution Estimator,
outperformed Grid Search and Random Search in
many hyperparameter optimization problems.
Another important reason is the mechanism for
stopping ‘unnecessary’ or inefficient trials. This
approach is called the ‘Pruning’ mechanism. [45]
showed that Optuna's pruning mechanisms can
provide up to 50% computational savings in training
deep learning models. [46] compared Scikit-opt,
Optuna, and Hyperopt for optimizing CNN and LSTM
models and found Optuna to be the most efficient for
both. [47] found in their study that an Optuna-
optimized hybrid deep learning model improved ultra
short-term wind energy production forecasting.

Optuna offers significant potential for advancement in
the field of hyperparameter optimization. With
features such as dynamic search space definition,
efficient search algorithms, pruning mechanisms, and
parallelization support, it has become a valuable tool
for both researchers and practitioners.

2. MATERIAL AND METHOD (MATERYAL VE
METOD)

2.1. Dataset (Veri Seti)

In this study, the dataset obtained from a wind power
plant in Turkey corresponds to the measurements of a
single turbine. Through the SCADA system, wind
turbines record parameters such as wind direction,
wind speed, and generated power. The dataset consists
of 192.082 entries collected at 10-minute intervals,
covering the period from January 1, 2019, 00:00:00 to
August 31, 2022, 23:50:00.

2.2. Exploratory Data Analysis (Kesifse! Veri Analizi)

Exploratory Data Analysis (EDA) is conducted to
better understand the dataset and analyze the
relationship between each attribute and wind power.
The dataset used in this study contains the following
basic information:

O Date: all timestamps with a 10-minute interval.

O Wind Speed-WS (m/s): Wind speed measured at
the turbine.

O Wind Direction-WD (°): The direction of the
wind.

O Pitch Angle-PA (°): Defines the structural tilt
angle.
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O Temperature-T (°C): Temperature measured by
a meteorological sensor.

O Power (kW)-P: The actual power generated by
the wind turbine in each period.
Statistical information about the dataset is also shown
in Table 1. Also, presented in Figure 1.

Table 1. Statistical info about dataset
(Datasetle ilgili istatisksel bilgi)

WS WD |PA | T P
Mean | 7.10 | 25880 | 2.85 | 16.43 | 800.96

Std 283 | 96.94 | 1585 | 7.14 | 752.07
Min. 0 0 350 | -3 | -3240
Max 2580 | 1000 | 8840 | 38 3001

AP

o
utput Over Time

Figure 1. Visualized dataset
(Gorsellestirilmis dataset)

Overall, the dataset exhibits a reasonable range of
values for most parameters, but certain anomalies,
such as extreme wind direction values and negative
power values, suggest further investigation. As such,
the dataset is not ideal for machine learning
algorithms, so outlier elimination was first performed,
followed by feature elimination.

2.3. Data Preprocessing (Data On isleme)

The 734 empty values in the dataset are
insignificant given the size of the dataset.
Nevertheless, they have been filled with the previous
value. After completing the missing data in the
dataset, we moved on to identifying outliers in the
dataset. In statistical terms, outliers are data instances
that depart significantly from the general pattern of the
dataset. In sensor data, outliers may indicate hardware
malfunctions or measurement errors. These values can
distort statistical measures (e.g., mean, variance) and
misrepresent trends [48]. Outliers showed in Figure 2.

Wind Speed vs Power
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s y/ \
E \
T 1500 y
2 \'\
1000 \
\
500 \
A
° L ]
0 s 10 15 20 25

Wind Speed (m/s)
Figure 2. Outliers
(Aykirt Noktalar)

The lowest region indicates points where the turbine
is not generating energy or is drawing power, and if
included in machine learning, it will degrade data
quality and negatively impact prediction performance.
The middle region may contain measured values in
cases such as SCADA system errors, sensor errors,
etc. The highest error values indicate deviations in the
plateau region. When selecting the DBSCAN
algorithm parameters used to remove these regions
from the data, the algorithm was adjusted to select the
best parameters, and the epsilon value was determined
based on the k-distance parameter (Figure 3). The
fundamental premise underlying the DBSCAN
algorithm is as follows: assuming there is a set of
points in space for clustering, an ‘g’ value is also
assumed to be the proximity distance relative to
certain points. “€” defines the maximum distance
between two points for them to be considered part of
the same cluster. ‘MinPts’ indicates the minimum
number of points required to form a cluster. The
epsilon value of 0.025 was found to be optimal. All
parameters used are shown in Table 2.

k-Distance Graph for Optimal Epsilon
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Figure 3. K-distance plot for optimal epsilon
(Optimal epsilon i¢in k- mesafe grafigi)
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Table 2. DBSCAN parameters
(DBSCAN parametreleri)

DBSCAN Value
Parameters

k- Distance 4
Min_samples 5
epsilon 0.025

The cleaned power curves together with the outlier
determined as a result of the operations performed are
presented in Figure 4.

Povier Curve with OutliersHighighted

Fowe e e g i i

[T
Vit

Figure 4. Outliers and cleaned dataset after
DBSCAN
(Aykirt Noktalar ve DBSCAN sonrasi temizlenmis dataset)

An examination of the DBSCAN process reveals that
the ideal power curve has been achieved. The most
crucial consideration here is, of course, minimizing
data loss. Because in the real world, data is valuable
and fuels machine learning algorithms, used to
improve their work and learning. Since time series
forecasting will also be conducted at this stage, care
was taken to ensure the data structure was not
disrupted. The data timeframe was increased from 10
minutes to 10 minutes and 25 seconds during this
stage, ensuring minimal impact on the study. Of the
192,082 data points in the data set, 6,901 were
identified as outliers. This means 3.6% of the data set
was lost. The temporal characteristics of the data set
were not compromised. [49-50-51-52-53] have
demonstrated that, in operational forecasting models,
retraining the model without the missing inputs yields
better performance than imputing the missing values
through regression based on the available inputs.
When the mentioned studies and the general literature
are examined, removing noisy data in the range of ‘1%
to 5%’ is considered acceptable.

After DBSCAN part, normalization applied to cleaned
dataset. That preprocessing step is critical to ensuring
that machine learning models interpret features
uniformly and that variables with larger numerical
ranges do not suppress and mislead the learning
process [54]. Common normalization techniques
include minimum-maximum scaling, which maps
values to a predefined range (e.g., [0, 1]), and z-score
standardization, which centers the data around a zero

mean with unit variance [55-56] . In this study, we
used the minimum-maximum normalization [0,1],
which is also frequently used in the literature.

2.4. Feature Engineering (Oznitelik Miihendisligi)

Even if to obtain the correct power curve for the study,
it is still impossible to completely clean the data from
SCADA. Furthermore, losing large datasets would
compromise the accuracy of the study. Since hybrid
deep neural networks were used in this phase of the
study, the steps used in the general literature were
applied. Creating the x and y components of the wind
direction for wind power estimation (Figure 5) and
adding these data to the dataset is a common approach
in wind energy forecasting studies. These components
are crucial features for accurately predicting wind
power production and optimizing turbine performance
[57].

2000

1500

1000

o

Figure 5. x and y components of wind

(Riizgarin x ve y komponentleri)

Additionally, in studies using time-series data, it is
important to increase model accuracy by leveraging
information obtained from past observations. To
achieve this, time lags must be added.

Furthermore, in studies conducted with time series
data, it is important to increase model accuracy using
information obtained from past observations. To
achieve this, time lags must be added. The six time
lags estimated within the scope of the study were
added to the dataset as t+1, t+2, t+3, t+4, t+5, and
t+6. In addition to these data, coding time variables as
sine and cosine provides a continuous representation
that eliminates the arbitrary discontinuities found in
other coding methods. Time data was also added as
"Hourcos-Hoursin -DayofWeekSin-DayofWeekCos-
MonthSin-MonthCos". In addition, the cubed wind
speed (WindSpeedCube) was added to the dataset as a
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rolling mean  for  each
PowerRollingMean).

feature  (e.g.,

2.4.1 RFECYV (RFECY)

It is a frequently used method in the literature that
systematically removes weaker features from a model
and validates the performance at each step,
demonstrating a wrapper-based approach to feature
selection. Initially, a selected base model (e.g., a linear
model or a tree-based estimator) is trained using all
candidate features. Then, features deemed least
important based on model-specific importance scores
or coefficient sizes are removed. This process
continues iteratively, reducing the feature set and
retraining the model each time. Simultaneously, cross-
validation is wused to evaluate the predictive
performance of each reduced model and helps identify
the optimal feature subset that balances simplicity and
accuracy [58]. Consequently, RFECV promotes a
more interpretable model, reduces the risk of
overfitting, —and can  significantly  reduce
computational burden by focusing on the most
effective predictors [59]. After applying RFECV, 39
of the 60 features in the dataset were selected, as seen
in Figure 6, and the machine learning phase started.

Optimal number of features : 39

0.9720
0.9718
0.9716
0.9714

0.9712 \/—/\/

0.9710

Cross validation score (nb of correct classifications)

10 20 30 40 50 60
Number of features selected

Figure 6. RFECV results
(RFECYV sonuglary)

Selected attributes are also seen in Table 3. Also,
feature importance shown in Figure 7.

Table 3. Parameters Selected by RFECV
(RFECYV ile Segilen parametreler)

WindSpeedCube, WindSpeed,
Power_lag 1,WindSpeed_lag 1,
PitchAngle,Power lag 3, Power lag 2,
PowerRollingMean, Power lag 4,
WindSpeed_lag 5, WindSpeed_lag 2,
WindSpeedRollingMean, Power lag 5,y com,
x_com, WindSpeed_lag 3, Power lag 6,
PitchAngle lag 3, PitchAngle lag 2,
PitchAngle lag 1, WindSpeed_lag 6,
WindSpeed_lag 4, PitchAngle lag 5,
PitchAngle lag 4,y com lag 2,y com_lag 1,
x_com_lag 5,x_com lag 3,x_com lag 1,
PitchAngle lag 6, WindDirection,

y _com_lag 6,x com lag 4,x com lag 2,
x_com_lag 6, WindDirection_lag 4,
WindDirection_lag_3, WindDirection_lag 2,
WindDirection lag 1

Selected
Parameters

Permutation-Based Feature Importance

WindSpeedRollingMean
_com

Power_lag_5
PitchAngle

x_com
WindSpeed_lag_5
Power _lag_1
Power_lag_2
Power_lag_4
WindSpeedCube
PowerRollingMean
WindSpeed

Power lag_3
WindSpeed_lag_2
WindSpeed_lag_1
x_com_lag_6
x_com_lag_2
WindDirection_lag_4
y_com_lag_1
WindDirection_lag_1
WindSpeed_lag_6
WindDirection
x_com_lag_1
PitchAngle_lag_3
x_com_lag_3
y_com_lag_2
PitchAngle_lag_2
PitchAngle_lag_4
WindDirection_lag_3
Power_lag_6
PitchAngle_lag_5
PitchAngle_lag_1
x_com_lag_5
WindSpeed_lag_3
y_com_lag_6
WwindSpeed_lag_4
WindDirection_lag_2
x_com_lag_4
PitchAngle_lag_6

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Permutation Importance

Figure 7. Feature Importance

(Feature Importance Scores)

2.5. Deep Learning Algorithms (Derin Ogrenme
Modelleri)

For time-series forecasting, the dataset was divided
into 144 steps, and six-hour samples were generated.
From these samples, we attempted to predict the
values that could occur in the first six steps, or the first
hour. The results obtained by machine learning
algorithms learning from each 144-hour time window
were compared with their unique capabilities. A
forward-looking forecasting process based on the
Fixed-Origin Rolling Window approach has been
implemented.

Within the scope of the study, SDAE was selected as
the Baseline model and CNN-LSTM and GRU-LSTM
were used as the main comparison models.

2.5.1. SDAE Model (SDAE Modeli)

SDAE, used in this study, is defined as an extension
of traditional autoencoders, distinguished by its ability
to extract clean and meaningful features from noisy
data. The architecture essentially consists of an
encoder, a bottleneck layer, and a decoder. The
encoder progressively transforms the input data into a
lower-dimensional representation, while the decoder
aims to reconstruct the original data from this
representation. The SDAE architecture provides a
powerful deep learning model that can be effectively
used for both reconstruction and prediction tasks on
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time series data. Used SDAE architecture presented in
Figure 8.

Prediction Branch
Encoder

bt

Predictions

(RIS

Decoder

Figure 8. SDAE architecture
(SDAE mimarisi)

Gaussian Noise

This architecture is an LSTM-based stacked
autoencoder with added denoising capabilities for
time series forecasting. Gaussian noise is injected into
the multivariate input sequence from SCADA during
training, allowing the model to learn to extract
meaningful patterns from the corrupted data. The
encoder consists of consecutive LSTM layers (64,
128, and 16 nodes). After each layer, Batch
Normalization (which stabilizes training) and Dropout
(which reduces overfitting) are applied. This layer
compresses the dynamics in the past window to
produce a latent representation. The decoder
reconstructs the input by multiplying this
representation to the target window length with
RepeatVector and re-expanding it with LSTM layers
(32, 64, and 80 nodes). This enhances the noise-free
representation through a reconstruction loss such as
the mean square error. Simultaneously, the encoder
output is fed into the prediction branch (dense layers
containing BatchNorm/Dropout), which produces
multi-step outputs (t+1...t+6); i.e., the architecture is
optimized for both denoising (reconstruction) and
multi-step forward prediction in a multi-task manner.
Batrch size selected as 32, number of epochs is 100
and early stop patience is 10. As a result, the model
exhibits noise-resilience, high generalization, and
more stable performance in short- to medium-term
time series predictions.

2.5.2. CNN- LSTM Model (CNN- LSTM Modeli)

This model integrates CNNs and LSTM networks,
leveraging the strengths of both architectures to
extract spatial features and model temporal
dependencies from sequential data, respectively.In the
architecture used (Figure 9) in this study, LSTM
layers sequentially process the repetitive vector and
attempt to capture the temporal dependencies and
dynamics in power generation data. The use of
multiple LSTM layers allows for a deep recurrent
architecture capable of learning increasingly complex
temporal patterns, such as seasonal trends, daily

cycles, or long-term changes in power generation. The
"Time Distributed" label associated with the LSTM
layers is included in the template to indicate that the
LSTM output is distributed across time steps,
producing a series of predictions for each time point
within the output horizon. Parameters shown in Table
4.

Power Production
Predicnons

> Platien Layer

9. CNN-LSTM architecture
(CNN-LSTM mimarisi)

Table 4. Selected values in architecture
(Mimaride segilen degerler)

Hyperparameter | Value
convl filters 64
convl kernel 2
Add conv layer | True
conv2 filters 64
conv2 kernel 2
Istm1 units 64
Istm2 units 32
dense_units 16
dropout 0,1
Batch size 32
learning_rate 0.0001
Number of 100
epochs

Early stopping 10
patience

2.5.3. GRU- LSTM Model (GRU- LSTM Modeli)

The GRU-LSTM architecture presented in this study
exemplifies a complex hybrid recurrent neural
network framework designed for multi-horizon time
series forecasting in the field of wind power
forecasting. This  sequential  double-recursive
architecture utilizes a hierarchical approach where
input temporal data is first passed through the GRU
layer, which acts as an initial feature extractor capable
of capturing relevant patterns in multivariate time
series data. The GRU layer processes the input tensor
and transforms it into a latent representation,
effectively encoding the temporal dynamics present in
the wind power data. Each processed sequence is then
subjected to batch normalization to stabilize and
accelerate the learning process, which is expected to
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further improve the model's convergence properties
during training. Following the GRU process, the
normalized latent representations are fed to the LSTM
layer, which further enhances temporal feature
extraction through more complex gating mechanisms.
The LSTM layer attempts to effectively capture both
short-term dependencies and long-term temporal
correlations in the data by creating a higher-level
abstraction of temporal patterns. This dual iterative
architecture attempts to leverage the complementary
strengths of both iterative units. The GRU algorithm's
processing efficiency and ability to mitigate the
vanishing gradient problem with fewer parameters,
coupled with LSTM's advanced memory cell
structure, which excels at preserving information
across extended sequences, were instrumental in
creating such a hybrid architecture. The prediction
phase consists of a sequence of fully connected layers
interspersed with dropout regularization to prevent
overfitting. Specifically, the final hidden state from
the LSTM layer is extracted and passed through the
dropout layer, followed by a fully connected layer
with ReLU activation. Following another dropout
layer, the final fully connected layer produces a six-
dimensional output vector representing predictions for
six future time horizons (Figure 10).

Input Layer GRU Layer LSTM + DROPOUT Layer { OUTPUT

LSTM
DROPOUT
DROPOUT

Features, Window

141, 142, 143, 44, 145, 146

Batch Normalization

Figure 10. GRU-LSTM architecture
(GRU-LSTM mimarisi)

Parameters shown in Table 5.

Table 5. Selected values in architecture
(Mimaride segilen degerler)

Hyperparameter | Value
gru_hidden_size | 64
Istm_hidden_size | 32
num_layers 2
batch_size 32
dropout 0,2
learning_rate 0.0001
Number of 100
epochs

Early stopping 10
patience

2.5.4. Optuna Hyperparameter Optimization
(Optuna Hiperparametre Optimizasyonu)

The performance of a machine learning algorithm is
directly proportional to how it is designed. At this
stage, the parameter assignments used in the design
and constituting the whole are needed. These
parameters are  generally referred to as
"hyperparameters." Accurately determining these
hyperparameter values and integrating them into the
model is crucial [60].

[61] reported that Optuna's main search function, the
Tree-Structured Parzen Estimator, outperforms Grid
Search and Random Search on many hyperparameter
optimization problems. Another important reason is
its mechanism for stopping "unnecessary" or
inefficient trials. This approach is referred to as
“pruning”. The ranges of hyperparameter spaces
explored for the SDAE, CNN-LSTM, and GRU-
LSTM algorithms in this study are summarized in
Tables 6, 7, and 8.

Table 6. SDAE Hyperparameter Search Ranges
(SDAE Hiperparametre arama uzayi

Hyperparameter Min Max
Value | Value
encoder _Istm1_units 8 256
encoder_Istm_ldropout | 0.1 0.5
encoder _Istm2 units 8 256
encoder_Istm_2dropout | 0.1 0.5
decoder _Istm1_units 8 256
decoder_Istm_ldropout | 0.1 0.5
decoder _Istm2 units 8 256
decoder_Istm_2dropout | 0.1 0.5
dropout 0,1
learning rate 0.0001 | 0.1
activation_func RELU | Tanh
~ Sigmoid | Softmax

Table 7. CNN-LSTM Hyperparameter Search

Ranges
(CNN-LSTM Hiperparametre arama uzayt)

Hyperparameter Min Max

Value | Value
convl filters 32 128
convl kernel 2 5
Add conv layer True False
conv? filters 16 64
conv2 kernel 2 5
Istm1_units 32 128
Istm2 units 16 64
Dense units 16 64
Dropout 0.1 0.5
learning_rate 0.0001 | 0.1
Activation func RELU Tanh

Sigmoid | Softmax
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Table 8. GRU-LSTM Hyperparameter Search

Ranges
(GRU-LSTM Hiperparametre arama uzayt)

Hyperparameter | Min Max
Value Value
Gru hidden size | 16 128
Lstm hidden size | 16 128
num_layers 2 5
Batch size 16 64
dropout 0,1 0.5
learning_rate 0,1 0,0001
Activation func RELU Tanh
Sigmoid Softmax
Also, To ensure reproducibility of Optuna

hyperparameter optimization experiments, the key
parameters used and their computational costs are
presented in the Table 9.

Table 9. Optuna Experiment Settings

(Optuna Deney Ayarlari)
Parameters SDAE CNN- | GRU-
LSTM | LSTM
Trials 100 100 100
Objective RMSE RMSE RMSE
Metric
Pruning Median Median Median
Pruiner Pruiner Pruiner
Pruning 3 epochs 3 epochs | 3 epochs
Frequency
Train/ Test (0/0) 70/30 70/30 70/30
GPU Tesla K80 | Tesla Tesla K80
(single) K80 (single)
(single)
Total ~28 ~36 ~45
Optimization Hours Hours Hours
Time
Random Seed 42 42 42

3. RESULTS (SONUGLAR)
3.1. SDAE Results (SDAE Sonugclari)

The SDAE model's best parameters were first selected
using the Optuna hyperparameter search tool (Table
9), and the estimation phase was initiated. During the
estimation phase, the "Early Stop" mechanism was
used to avoid overfitting or underfitting. These
processes were also monitored using the resulting
"Loss Plot" (Figure 11). Table 11 presents the results
obtained for each estimation step.

Table 10. SDAE Selected Hyperparameter by Optuna

(Optuna tarafindan secilen SDAE Hiperparametreleri)
Hyperparameter Selected
Value
encoder Istml _units 32
encoder_Istm_ldropout | 02
encoder Istm2 units 66
encoder_Istm_2dropout | 02
decoder Istml _units 34
decoder_Istm_ldropout | 02
decoder Istm2 units 33
decoder_Istm_2dropout | 02
dropout 0.3
learning rate 0,0001
Activation func Tanh

Total Loss (Lookback: 144, Horizon: 6]

Figure 11. SDAE Loss
(SDAE Kayip)

Table 11. SDAE Model Metrics
(SDAE Model Metrikleri)

Step | MAE | RMSE | R?

t+1 0.0557 0.0802 0.8853

t+2 0.0663 0.0971 0.8417

t+3 0.0728 0.1093 0.8092

t+4 0.0785 0.1152 0.7818

t+5 0.0831 0.1273 0.7583

t+6 0.0874 0.1334 0.7367

These error metrics indicate that the model's
prediction performance gradually decreases as the
number of steps increases. While the MAE (0.0557)
and RMSE (0.0802) values were relatively low in the
first step, R* (0.885) was high, indicating that the
model initially explained 88.5% of the variance and
provided a good fit. However, by step 6, a significant
increase in the MAE (0.087) and RMSE (0.133)
values indicates that the prediction errors increased
both in absolute and percentage terms, and the model
weakened in long-term predictions. The decrease in R?
to 0.737 indicates that the model's explanatory power
has decreased over time, with error accumulation
particularly significant after step 4. Consequently,
while the model performs acceptable in short-term
forecasts, its reliability decreases as the number of
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steps increases. This suggests the need for revision or
a different model approach.

3.2. CNN-LSTM Results (CNN-LSTM Sonuglari)

The CNN-LSTM model's best parameters were first
selected using the Optuna hyperparameter search tool
(Table 12), and the estimation phase was initiated.
During the estimation phase, the "Early Stop"
mechanism was used to avoid overfitting or
underfitting. These processes were also monitored
using the resulting "Loss Plot" (Figure 12). Prediction
results shown in Figure 13 as graphic. Table 13
presents the results obtained for each estimation step.

Table 12. CNN-LSTM Selected Hyperparameter by

Optuna
(Optuna tarafindan segilen CNN-LSTM Hiperparametreleri)
Hyperparameter Selected
Values
convl filters 76
convl kernel 3
Add conv layer True
conv? filters 23
conv2 kernel 2
Istm1_units 98
Istm?2 units 31
Dense units 55
dropout 0.3
Learning rate 0.0001
Activation func RELU

Figure 12. CNN-LSTM Loss
(CNN-LSTM Kayip)

Figure 13. CNN-LSTM Predictions
(CNN-LSTM tahminleri)

Table 13. CNN- LSTM Model Metrics
(CNN-LSTM Model Metrikleri)

Step | R* | MAE | MSE | RMSE

t+1 | 0.9922 0,0173 | 0.0009 0.0237

t+2 | 09273 0,0452 | 0.0056 0.0686

t+3 | 0.8645 0,0574 | 0.0083 0.0862

t+4 | 0.8408 0,0649 | 0.0011 0.0974

t+5 | 08111 0,0711 | 0.0119 0.1056

t+6 | 0.7882 | 0.0763 | 0.0135 0.1123

Evaluating the results of the CNN-LSTM model, R?
values, which measure the portion of difference in the
dependent variable explained by the model, were
significantly high across all horizons. They ranged
from 0.9922 at t+1 to 0.7882 at t+6. At the shortest
horizon (t+1), an R? of 0.9922 appears to indicate a
very good fit, indicating that the model captures nearly
all the variability in the data. However, as the forecast
horizon lengthens, R? gradually decreases to 0.7882 at
t+6. Although this decrease is expected due to
increased uncertainty at longer horizons, the model
maintains strong explanatory power (over 0.78) even
at t+6, reflecting robust forecasting ability across the
periods considered. MAE, which measures the
average magnitude of errors in forecasts, increased
steadily from 0.0174 at t+1 to 0.0764 at t+6. This trend
suggests that the model's absolute forecast errors
increase as the forecast horizon lengthens. The low
MAE of 0.0173 at t+1 underscores high near-term
accuracy, while the increase to 0.0763 at t+6 indicates
a moderate increase in error, consistent with the
difficulties of forecasting further into the future. The
MSE and RMSE metrics, which emphasize larger
errors due to squared terms, follow a similar pattern of
increase across horizons. MSE increased from 0.0009
at t+1 to 0.0135 at t+6, while RMSE increased from
0.0226 to 0.1113 over the same period. The low MSE
and RMSE values at t+1 (0.0237 and 0.1123,
respectively) highlight the model's sensitivity to short-
term forecasts. However, the gradual increase in both
metrics reflects the increasing dispersion of errors as
the horizon expands, and the RMSE at t+6 (0.1123)
indicated that larger errors begin to have a more
pronounced impact on overall performance.

3.3. GRU-LSTM Results (GRU-LSTM Sonuglar)

The CNN-LSTM model's best parameters were first
selected using the Optuna hyperparameter search tool
(Table 14), and the estimation phase was initiated.
During the estimation phase, the "Early Stop"
mechanism was used to avoid overfitting or
underfitting. These processes were also monitored
using the resulting "Loss Plot" (Figure 14). Prediction
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results shown in Figure 15 as graphic. Table 15
presents the results obtained for each estimation step.

Table 14. GRU-LSTM Selected Hyperparameter by

Optuna
(Optuna tarafindan segilen GRU-LSTM Hiperparametreleri)
Hyperparameter | Selected
Value

Gru hidden size 113
Lstm hidden size | 118

Num layers 1
Batch size 26
dropout 0.17
learning_rate 0.006

Activation func RELU

Figure 14. GRU-LSTM Loss
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(CNN—LSfM.Kayzp)
Figure 15. GRU-LSTM Predictions
(CNN-LSTM tahminleri)

Table 15. GRU- LSTM Model Metrics
(GRU- LSTM Model Metrikleri

Adim | R* | MAE | MSE | RMSE
t+1 | 0.9985 | 0.0085 | 0.0001 | 0.0131

t+2 0.9215 | 0.0470 | 0.0058 0.0798

t+3 0.8712 | 0.0621 | 0.0081 0.0930

t+4 0.8353 | 0.0702 | 0.0109 0.1011

t+5 0.8044 | 0.0778 | 0.0127 0.1116

t+6 0.7792 | 0.0835 | 0.0141 0.1198

When evaluating the results of the GRU-LSTM
model, R? values, which measure the portion of
difference in the dependent variable explained by the
model, are as effective as CNN-LSTM models. They
ranged from 0.9985 at t+1 to 0.7792 at t+6. MAE,
which measures the average magnitude of errors in
predictions, increased steadily from 0.085 at t+1 to
0.0835 at t+6. This trend indicates that the model's
absolute prediction errors increase as the forecast
horizon extends. However, it can still be said to be as

effective as the CNN-LSTM model. The MSE and
RMSE metrics follow a similar pattern of increase
across horizons. The MSE increased from 0.0001 at
t+1 to 0.0141 at t+6, while the RMSE increased from
0.0131 to 0.1198 over the same period. The low MSE
and RMSE at t+1 highlight the model's sensitivity to
short-term forecasts. However, the gradual increase in
both metrics reflects the increasing dispersion of
errors as the horizon expands, and the RMSE at t+6
indicates that larger errors begin to have a more
pronounced impact on overall performance.

4. CONCLUSION AND DISCUSSION (SONUCLAR
VE TARTISMA)

When the components of the data processing and
modeling pipeline proposed in this study for ultra-
short-term (t+1...t+6; first 60 minutes) wind power
forecasting are evaluated as a whole, two key findings
emerge: (i) preprocessing and feature selection steps
that improve data quality significantly contribute to
forecasting performance; (ii) hybrid deep learning
architectures (CNN-LSTM and GRU-LSTM)
significantly outperform the baseline model (SDAE).
Specifically, DBSCAN's denoising, Min-Max
normalization, trigonometric time codes, and delay
features, followed by RFECV's selection of 39 out of
60 features, created a more consistent and
generalizable representation space for the models to
learn from. This holistic design, combined with
Optuna's progressive hyperparameter search and
pruning mechanisms, increased both training
efficiency and forecast accuracy.

While the baseline model (SDAE) provided an
acceptable starting point over the first horizon step
(MAE=0.0557, RMSE=0.0802; R?>=0.8853 for t+1),
errors accumulated and the explained variance
decreased significantly as the horizon expanded
(MAE=0.0874; RMSE=0.1334; R>=0.7367 for t+6).
This pattern suggests that error propagation has a
stronger impact on the baseline architectures in multi-
step predictions.

In contrast, the CNN-LSTM model performed
strongly across all horizons, capturing almost all of the
variability in the data at t+1 with R*=0.9922 and
MAE=0.0173. Although a natural decrease was
observed as the horizon extended to t+6 (R*=0.7882;
MAE=0.0763; RMSE=0.1123), the model remained
stable, maintaining over 78% of the explained
variance. These results demonstrate that the
architecture, which combines the spatial/pattern
extraction power of convolution layers with the
temporal dependence modeling of LSTM, is
advantageous for multivariate and high-frequency
SCADA data.
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The GRU-LSTM model produced the best error at
the first step of horizon (t+1) (MAE=0.0085;
RMSE=0.0131; R?=0.9985) and stood out in terms of
sensitivity to sudden/local dynamics. However, as the
horizon extended, a difference emerged in favor of
CNN-LSTM; at t+6, GRU-LSTM had R*=0.7792; It
was observed that the MAE decreased to levels of
0.0835, meaning that CNN-LSTM remained
somewhat more stable over long horizons. This
finding suggests that GRU's advantage of fast
convergence with fewer parameters translates into
ultra short term sensitivity, while CNN-LSTM's
advantage of long horizon robustness, thanks to its
feature hierarchy and deeper temporal modeling
capacity, translates into long horizon robustness.

Comparatively, the relative improvements over the
baseline model are striking: at step t+1, CNN-LSTM
reduced MAE compared to SDAE by =70%, while
GRU-LSTM reduced it by ~85%. At step t+6, the
improvement for CNN-LSTM was ~12.7%, while that
for GRU-LSTM was =5.6%. This situation
rationalizes the preference for "GRU-LSTM for ultra
short term, CNN-LSTM for longer horizons."
Therefore, a hybrid operating policy can be
recommended for practical use: for example, GRU-
LSTM can be used for monitoring and instantaneous
control  (precedent ramp rate management,
torque/pitch micro-adjustment), while CNN-LSTM
can be used for market bids and throttling/balancing
planning, minimizing total operating costs.

The contribution of preprocessing deserves special
emphasis. With DBSCAN, the power curve
approached its ideal form with only 3.6% data
extraction, minimizing anomaly-induced deviations.
While noise removal in the range of 1-5% is
considered acceptable in the literature, maintaining
the time interval of 10 min — 10 min 25 s ensured that
the time series integrity was not compromised. The 39
features selected after RFECV (e.g., WindSpeedCube,
delayed power/speed, x-y components, rolling
averages, trigonometric time codes) reduced the risk
of over-learning and reduced computational overhead.
These two steps, combined with subsequent Optuna-
based hyperparameter search and early stopping, have
been shown to stabilize training and enable steady
convergence in loss curves.

4.1. Limitations,

The study based on single turbine data. This situation
is insufficient to measure the spread of the study on a
field basis. This is insufficient to gauge the study's
potential for widespread use in the field. Conducting
experiments on different numbers of turbines and

across fields, rather than limiting the scope to a single
turbine, would be beneficial for widespread use.

Although the current study focuses on point forecasts.
However, in energy markets and grid management,
not only the prediction of a point but also the
uncertainty of that prediction (e.g., 90% confidence
interval) is of vital importance.. Also, rolling origin or
walk-forward validation strategies can be applied for
a more rigorous generalization test in future studies.

Error accumulation is inevitable in multi-step
(sequence-to-sequence) estimation; this is confirmed
by the significant increase in metrics at steps t+4 and
beyond. Furthermore, although some
hyperparameters, such as the learning rate (0.006)
chosen for GRU-LSTM, provide high convergence
rates, robustness checks are recommended through
distribution analysis and repetition experiments with
different random seeds.
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