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Abstract: Digital imaging systems are increasingly popular in various fields such as education, industry,
engineering, and healthcare. The ease of use and low cost of these systems contribute to their
widespread adoption. However, the main disadvantage of digital imaging is resolution issues. In
practical applications that require high resolution, dense sensors are used to obtain robust images. This
method, however, increases costs and produces more data and noise due to its density. Additionally,
millions of low-resolution but valuable pieces of information are lost. Image processing techniques are
used to enhance resolution and preserve high-frequency information. The primary aim of this study is
to comprehensively investigate the importance and effectiveness of using partially linear models in
image processing applications. Partially linear regression aims to offer a new model for image
enhancement without losing high-frequency information. Because many problems encountered in the
field of image processing stem from resolution issue, this study aims to understand the effects of
resolution on image processing processes and to demonstrate how partially linear models can be used
to address these effects. Various comparison methods have been used to evaluate the effectiveness of
the proposed method. These methods have been employed to objectively assess the quality difference
between images, highlighting the superiority of the proposed method over traditional methods. The
study's findings show that partially linear models are a significant tool in image processing applications.
Future studies may aim to examine in more detail how these models perform with different types of
images and conditions.

Keywords: Digital Imaging Systems, Image Enhancement, Image Processing, Partially Linear
Regression, Resolution
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1. Introduction

At the core of image processing lies the conversion of images captured by an optical sensor
(camera) into another form in a computer environment [1]. The analysis and classification of these
transformed forms rely on regression analysis methods.

Regression analysis is a statistical method that allows for the examination of the relationship
between a dependent variable and one or more independent variables [2]. This method is used
particularly to understand the relationship between variables and to examine the effects of independent
variables on the dependent variable. Additionally, regression analysis expresses the effects of variables
on each other as a mathematical function [1].

Depending on the characteristics of the dataset, the purpose of the analysis, and the assumptions,
various regression approaches exist. At the center of these approaches is the parametric regression
model, which works under the assumption that the form of the relationship between independent and
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dependent variables is known. In a parametric model, if a linear relationship is observed between the
dependent variable and a single independent variable, the model is called a simple regression model.

In image processing, the linear regression method used to understand and predict the relationship
between 2D data pairs expresses each pixel in the image as an independent variable, and the features or
measurements corresponding to the pixel values as the dependent variable.

In addition to linear regression, multiple linear regression analysis methods are used for models
that include more independent variables. While this method is used in fields like statistics and machine
learning to relate a dependent variable to multiple independent variables and to model this relationship,
in image processing it is used to evaluate and model the collective effect of multiple independent
variables on the dependent variable (image). Multiple linear regression analysis methods are utilized to
segment images (define the boundaries of objects in the image and divide the image into sections),
achieve image restoration (remove noise and repair noised areas in the image), and obtain high-
resolution images from low-resolution images.

It is not correct to say that only parametric (linear) models are preferred for regression. In
situations where the form of the relationship between variables is unknown, non-parametric and semi-
parametric (partially linear) methods are preferred, which are used in various fields such as economics,
finance, marketing, medicine, health sciences, machine learning, data mining, and image processing.

Recently, the increasing popularity of image processing has made it an intriguing topic for
analysts, engineers, and statisticians. Ease of use and low cost have made method selection in image
processing preferable. However, with the reduction in cost, issues such as resolution, decrease in image
quality, and noticeable overlapping effects have emerged. These problems stem from the limited number
of highly correlated sensors used in digital imaging devices. Increasing the number of pixels used not
only raises the cost but also causes blur in the image, increasing noise [3].

The aim of this study is to comprehensively examine the importance and effectiveness of using
partially linear models in image processing applications. The study aims to explore the effects of image
processing on workflows and how partially linear models can mitigate these effects.

2. Materials and Methods

This study examines the impact of using regression analysis within partially linear models in
image processing techniques. Literature reviews on the concept of partially linear regression have
revealed general approaches for parameter estimation. It has been observed that problems related to
image processing are solved using kernel and Gaussian blurring methods in the relevant regression.

The study explains the correction methods for noised images. By comparing the histogram values
of the noised and corrected images, a homogeneous distribution has been obtained for the corrected
image. Subsequently, it has become possible to estimate the noise level by modeling the relationship
between the images.

After all processes were completed, the noised and corrected images were displayed on the screen.
The study includes the steps used to process images from the specified file path and visualize the results,
designed to meet the specified requirements.

2.1. Regression Models and Image Processing

Regression analysis is a statistical method used to make inferences about the regression function
and is primarily used to examine the relationship between two variables. Parametric and non-parametric
regression techniques approach regression analysis from two different perspectives. Parametric
regression has strong assumptions, whereas non-parametric regression does not require these
assumptions.
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In parametric regression analysis, the parameters (f) of a pre-specified model are estimated, while
in non-parametric regression analysis, the goal is to directly estimate the regression function (g) [3].

In image processing, digital filters are used to smooth images or enhance edges. Some of the
filters used include the mean filter, median filter, Gaussian smoothing filter, Kalman filter for object
recognition in images, frequency filters, and kernel regression.

The mean filter replaces each pixel value in an image with the average value of its neighbors,
including itself. This process removes pixel values that are not meaningful for the image. The mean
filter is a convolution filter based on a kernel template.

The median filter, like the mean filter, considers neighboring pixels to calculate the value of each
pixel. However, instead of replacing the pixel value with the average of the neighboring pixel values
(mean filter), it sorts the neighboring pixels and takes the median value. If the region being examined
(within the template) has an even number of pixels, the average of the two middle pixels is used as the
median value.

The Gaussian smoothing operator is a two-dimensional (2D) convolution operator used to blur
images by removing details and noise. It is similar to the mean filter but uses a different kernel template.
This template is represented by a bell-shaped curve known as the Gaussian function. The formula for
the Gaussian function that gives the bell-shaped curve can be written in both the 2D plane and the 3D
space.
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Figure 1. Gaussian filter for 2D plane and 3D spaces

In Figure 1, (o) represents the standard deviation of the distribution. It is also assumed that the
mean of the distribution is zero (i.e., centered on the line).

The purpose of the Kalman filter is to predict the multi-person pose tracking system developed
and evaluate it in terms of processing time using various pose estimation algorithms. Pose estimation
arises from determining the pixel positions of key points of the human skeleton viewed by the camera.
The outputs of pose estimation methods associate the pixel values of all detected joint points in the
image with the relevant person. Identifying individuals across successive frames in videos is particularly
important for understanding their movements. This allows for determining what kind of movements
individuals make and at what moments in the video [4].

Kernel regression is an image-processing method. In this method, scaling, rotation, and stretching
parameters are calculated from the original data analyzed for local structures to provide directive
matrices. These calculations are performed using singular value decomposition (SVD) with locally
estimated gradients on local gradients. The algorithm is fed with raw pixels associated with each image.
This method requires minimal preprocessing of images before classification, making it more useful than
traditional training algorithms [1].
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2.1.1 Partially Linear Regression

Partially linear models are a special model that includes both parametric and nonparametric
methods. These models are used when part of the data can be explained with a parametric formula, but
another part needs to be modeled more flexibly [1]. The formulation of the model is as follows:

Y=XB+gx") +¢ (1)
where X represents the parametric component, X is the (n X p) dimensional independent variable
matrix, [ is the (p X 1) dimensional coefficient vector, x* is the nonparametric variable vector, g(.) is
the nonparametric function, and ¢ is the error term.

Because the partially linear regression model combines both parametric and nonparametric
regression functions, it is also called semiparametric regression [5]. This model offers a more flexible
and adaptable analysis method by using both parametric and nonparametric components together. If the
effects of the parametric variables are ignored or if these variables are not included in the analysis, the
semiparametric regression model becomes a purely nonparametric regression model. This feature makes
the semiparametric regression model a powerful tool for examining both linear and nonlinear
relationships simultaneously.

In the partially linear model, a kernel corrector Kj, (x*) applied with bandwidth h is used. This
corrector, used to calculate the effect from other points at point x*, is shown as:
Kn(x{—x")

W) = I, Kn(x—x")

2)
where K, (x*) = hi K (;—), K is the kernel function and h,, is the bandwidth parameter. Using the kernel

corrector, the effect at point x* on variables x and y is estimated using the some regulations in Nadaraya-
Watson estimator (NWE) separately:

Gl =Y W,

i=1
n

Gyn(x;) = § _ 1W(X*)Yi
i=

Using these estimates, new variables cleared of the effect are obtained by removing the effect at
point x* from the variables x and y as:
Yi =Y - g\y,h(x;);
X=X = G (D).
The parametric component is estimated by:

g =XTX)1XTY, (3)
for the estimated variance 62 = (Y7Y — fTXTY)/(n — 2). And the nonparametric function is estimated
as:

3(x",B) = T wx) (i — x:), “4)
which calculates the nonparametric effect of the y variable at point x*. This process ensures the accurate
analysis of relationships between variables in image processing applications and controls the effect of
nonparametric components.

3. Findings and Discussion

3.1. Use of Partially Linear Model in Image Processing

The main aim of using regression predictors in image processing is to reduce noise while
preserving the edge structure when correcting the image.
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Figure 2. (a) Noiseless and (b) Gaussian noisy image with SNR = 5.64dB

Figure 2 shows how local structures change in predictions for noiseless and noisy images [1]. In
digital image processing, some filters are needed to smooth the image, highlight objects, or recognize
them. In parametric models, different pixels are more easily identified, while it is quite difficult to
distinguish this in similar scenes. Smoothing at the x* point in any data set is obtained by fitting a
weighted OLS line. In image processing, after determining the color weights of the image divided into
pixels, a smoothed image is obtained by fitting the least squares line at any pixel.

When performing partially linear regression analysis in image processing, a second dimension (2-
D) is added to classical prediction methods (see Equation (1)) [6]:

yi=xif+gxj)+e, i=1,..,n (5)
Here, the coordinates of measured data y; is now the (2 X 1) vector x;, g(.) is the (hitherto unspecified)
regression function and ¢;s are the i.i.d. zero mean noise values (with otherwise no particular statistical
distribution assumed), x* has dimensions (n X q). When expanding the nonparametric function g(x;)
becomes

gD = g(e) + (Vg (x = x°) +5 (x5 = ) {HgE}x; — x)+...
= g(x") + {Vg(x))T (x] — x*) + s vecT (H g (x)vec{(x] — x)(x; — x)T} + -, (6)

where vec ([Z ZD =[a b b d]" is a vectorization operator, g(x;) represents the function’s

value at xj, Vg(x*) is the (2 X 1) gradient (derivative vector) at x*, and H g(x*) is the (2 X 2) second
derivative matrix (Hessian) at x*. The operation of vectorizing the elements of the lower triangle of a

symmetric matrix is represented as vech ([Z Z ) =[a b d]" and
a b c
vech <[b e f])=[a b ce f i
c f i
g(x}) =6y + 07 (x; —x*) + 0% vech{(x; — x*)(x} — x )T} + - (7)
Comparing (6) and (7), 8, = g(x*) becomes the pixel values of interest and vectors 8, and 8, becomes
_vg(x) = [ e
6, =Vg(x) = |22 22, )
_ 1[o%ex) . %) 0% |
02 - 2[ 0x;2 ’ Zax; x5’ 6X§2 ’ (9)

Regardless of parameter results, the main goal is to find pixel values. Therefore, the estimation
of 8 is:
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{0, il = 2B — 60 — 67(xj — x7) — Ofvech((x; — x)(xj — ¥V} .. K xf — x) (10)
1
det(H)
kernel function. Selection of H can be obtained using [1]. However, since the f parameters are also

unknown here, they must first be estimated.

where Ky (t) = K(H™'t) represents H, the (2 X 2) smoothing matrix, and K, the 2-dimensional

Let w be the weight matrix and diag represent the diagonal matrix:
w = diag[KH(x’{ — x*), KH(xZ — x*), o, Ky (xy, —x*)]. (11
Let @, = wX and @, = wy be the new variables stripped of the effect. For the new variables,
y=y—®y,and X = X — @,, the parametric component 8 is estimated by:
B=XX)"X"y. (12)
Thus, by adding weights to the least squares method to determine the @ coefficients, the model is allowed
to perform better in situations with varying variance. Consequently:
R S e ] |2 w=TIMN(y_xp_x.0) w(y—XB—X.0). (13)
0 (7]
Here, y = [y1, V2, ..Yn]" represents the observation vector, 8 = [90, or, .., HE]T represents the
coefficient vector, and X+ represents the matrix containing the distance of each point in the data set to
the point x*. Therefore:
1 (a1 =207 wvech™{((x1 —x)(xi —2x)7)}

¥ = |1 (3 —.x*)T vechT{((x} —A.c*)(x’g —x97)}

X

(14)

l1 G =) vech™{((en =20 —x)7)} ]
To estimate the pixel values of the image, regardless of the estimator order g, we focus on the
estimators of the 8, parameter:
9G) =0, = el (X LX) X Tw(y - XB). (15)
Here, e, represents a column vector where the first element is 1 and the remaining elements are 0. For
q = 0, estimator 8,, which is known as the NWE, is fundamentally different from using a higher-order
estimator and then effectively discarding all estimated 6, values except for 6. Unlike the previous
situation, the second method calculates the pixel value estimates assuming a local polynomial structure
of degree q.

S11 S12 Si3
«T * . . . *T * 521 SZZ 523
X' ywX,- is a (q+1) X (q +1) block matrix with the X*,»wX . =

S31 S3z Ss3
structure in  equation (15). Here the block elements are S;; =X, Ky(xj—x¥),
S12 = S31 = Lt (x; — x) Ky (%] — x7), Sa2 = Li (] — ) (xf — x) Ky (x; — x7),
S13 =831 = Xy vechT{((x; —x)(x1 — x*)T)}KH(x;‘ - x"), Sa3 =S5, = Xia(x] —
xvech{((x] — x)(x] — x)7)}Kp(x; — x7), and S33 = Xy vech{((x] — x")(x] —

)" ) ech™{((x; —x")(x; —x)7)}Ky(x; — x*),... Then the weights become, for q =0
—Sy, ST (x—x* A

similar to equation (2), for =1 w(x*;1) = (=12 (i x_)}KH(xl ad ), and for

11 $11=512522 521

{1—51252_21(";5 -x*)~5135335 vech{((x] —x")(x] —x*)T)}}KH(x;f—x*)

S11-512853 S21-513533'S31

Ky (xi—x")

w(x*;0) =

q=2w(x"2)=
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Figure 3. Comparison of kernels for different values of g: (a) irregularly sampled data set, (b) kernel
corrector obtained with second-order (q = 2) polynomial kernel regression, (¢ and d)
horizontal and vertical sections of correctors with different degrees (g = 0,1, 2) [1].

3.1.1 Data Adapted Partially Linear Regression

In this section, data-adapted partially linear regression methods which take into account not only
the spatial sampling density of the data, but also the actual (pixel) values of those samples are introduced.
These more sophisticated methods lead to locally adaptive nonlinear extensions of classic kernel
regression [1].

Data-adapted partially linear regression methods take into account not only the spatial location
and density of the samples but also their radiometric properties. As a result, the size and shape of the
regression kernel are locally adjusted to align with image features, such as edges. This approach is
structured similarly to (10),

(0, iy — i — 8y — 7 (xj —x") — B vech((x} —x)(xi — %)} .1 Kaa i — ',y —

xip—y—xB) (16)

where the optimization problem involves a data adapted kernel function K, 4 that is adapted to the spatial
sample locations x;s, the sample density, and the radiometric values y; — x; 8 of the data.

[1] suggested bilateral kernel, steering kernel and iterative steering kernel regression for the
selection of K,,;. While bilateral kernel is a data adapted version of NWE, steering kernel is is more
appropriate for very noisy data sets, (y; — x;8 —y — xf8)s tend to be zero, and effectively useless.
Because iterative steering kernel regression is founded more effective we used this approach for the
selection of K, 4.

In image processing, partial linear regression is a powerful tool for modeling nonparametric
relationships on image data. This methodology allows meaningful analysis of data obtained from image
processing and plays a significant role in scientific discoveries. In this technique, relationships between
parametric and nonparametric components are examined on image pixels or feature vectors. Initially,
high-resolution image data is obtained, and preprocessing steps are performed to analyze this data.
Relationships between dependent variables (usually grayscale values or feature vectors) and
independent variables (e.g., a feature vector) in the image data can be modeled with parametric and
nonparametric components. The obtained parameters and estimates are used to understand the behavior
of a specific feature or variable in image processing. For example, the relationship or impact of a specific
feature with other features in an image can be examined.

3.2. Application

In image processing and computer vision systems, using partial linear models aims to reduce or
completely eliminate the effects of distortions (such as blurring). This process is an optimization effort
to obtain the original image from a distorted one [7]. The process is handled as follows in the study:
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1. First, the distorted image and the distortion kernel used are defined. This kernel expresses how
the distortion occurs.

2. Then, a convolution filter or algorithm is designed for this kernel.

3. Finally, this filter is applied to the distorted image to obtain a clearer or sharper version of the
original image.

In image processing, the predicted improved pixel value for each pixel in the blurred image
becomes the enhanced pixel value calculated for the parametric component. For the parametric equation
Y = By + [1X1, Y represents the pixel value of the predicted image, 8, represents the expected pixel
value of the improved image when the pixel value in the noisy image is 0, and 8, represents the change
in the pixel value of the improved image when the pixel value in the noisy image increases by 1 unit.

For the nonparametric equation Y = g(x*), Y represents the pixel value of the predicted image,
and the function g(x*) represents the kernel used to model the nonparametric relationship between the
pixel values of the blurred image and the pixel values of the improved image.

3.2.1 Partially Linear Regression Algorithm for Blurred Images and Application Images
Obtained

Image Creation:
* Input: Path of an image file.

*  Output: A blurred black-and-white image
The image file is read, resized with a certain scaling ratio, and converted to grayscale.

Applying Gaussian Filter:
* Input: Blurred image.
*  Output: Image with Gaussian filter applied.
A Gaussian kernel is created, and the Gaussian filter is applied to the image.

Figure 4. Noisy input image Figure 5. Image with Gaussian filter applied

Applving Histogram Equalization:
* Input: Image with Gaussian filter applied.

*  Output: Image with histogram equalization applied



Middle East Journal of Science (2025) 11(1):1-11 https://doi.org/10.51477/mejs.1526724

The histogram of the image is calculated, the cumulative distribution of the histogram is examined, and
a new pixel value is created by matching each pixel value with the cumulative histogram. An improved
image is obtained with new pixel values.

560 |

48 |

336 |

224 |

nz L

Figure 6. Histogram of the noisy image Figure 7. Histogram of the processed image

Applying Partially Linear Regression:

* Input: Blurred and improved images.

*  Output: Regression result.
The pixel values of blurred and improved images are collected in pairs. Using data adaptive partially
linear regression with the integrated weighting parameter ¢ demonstrates the robustness and adaptability
of the proposed approach; the relationship between these pixel pairs is found (regression coefficients
are calculated). A new image is created using the calculated regression coefficients.

Displaying Results:

» Input: Images resulting from different processing steps.

*  Output: Visual display of the images.
Original, noisy, blurred, improved, and regression result images, which show the effect of the q
parameter for 0, 1 and 2, respectively, on image enhancement and deconvolution, are displayed.

@ q=0 b)) g=1 (c) g=2

Figure 8. Corrected regression images for ¢ = 0,1 and 2.

Here, Figure 8(a) demonstrates the original distorted image showing significant blur due to the
distortion kernel. This is used as the basis for comparison. Figure 8(b) demonstrates an enhanced image
generated using standard kernel regression without data adaptation. Although edges are slightly sharper,
noise and artifacts persist, especially in areas with complex textures, and Figure 8(c) demonstrates
enhanced image generated using partial linear regression model with data adaptation. With the addition
of g-weighting parameter, the algorithm exhibited superior performance in edge preservation and noise
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reduction. Locally adaptive kernel provides a clearer and more detailed reconstruction by better adapting
to image features.

The results are consistent with the theoretical framework discussed in Section 3.1.1. In this
section, a data adaptive kernel function was proposed. By adding g-weight, the kernel dynamically
adapts by considering both spatial sampling density and pixel features. This leads to the following
results:

Improved Edge Preservation: The kernel reduces over-smoothing by adapting its shape and size
according to local image features such as edges and texture.

Improved Noise Robustness: The g-parameter affects the regression by weighting regions with high
variance or noise, thus preserving critical details in noisy regions while preserving smoother areas.

Iterative Refinement: The iterative guidance kernel regression approach gradually improves the
enhanced image by recalculating the kernel, including the locally optimized parameters q.

4. Conclusion

It was observed that as the noise level increased, the image quality decreased. Statistical analyses
of the images obtained during this process were performed. Gaussian blurring was applied to the
frequency of the noisy image to reduce noise. This application aimed to eliminate noise by softening
sharp edges in the image, demonstrating the effectiveness of Gaussian blurring in noise reduction.

In this study, where partially linear regression analysis was applied, the relationship modeling
between blurred and improved images was successfully implemented. The operation became an
effective modeling approach for processing blurred images. In noise reduction and image smoothing
operations image processing techniques are very important.

The partially linear regression operations is demonstrated that each operation, such as reducing
or eliminating blurring and increasing contrast, significantly improved image quality. The results
obtained showed that the operation would facilitate everyday applications (e.g., medical imaging
devices, security cameras, and satellite images). Testing future studies with images obtained under
different conditions and larger data sets will allow for a more comprehensive evaluation of the proposed
methods’ general validity.
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1. Introduction

Real-life applications often require more advanced and efficient mathematical tools to deal with
uncertainties. Data associated with complex problems in engineering, marketing, medical science,
environmental science and other fields often contain various types of incomplete information. Therefore,
various mathematical theories such as fuzzy set theory [1], intuitionistic fuzzy set theory [2], uncertain
set theory [3], and rough set theory [4] have been developed to handle uncertain situations and draw
meaningful conclusions. While all these theories are valuable tools for describing imprecision, each
possesses inherent complexities, as highlighted by Molodtsov [5].

To address these challenges, Molodtsov [5] introduced soft set theory, which has since gained
recognition as an effective approach for handling uncertainty. In recent years, substantial advancements
have been made in both its theoretical underpinnings and practical implementations. Maji et al. [6]
enhanced the field by formulating algebraic operations for soft sets and providing an in-depth theoretical
analysis. In [7], Ali et al. contributed to the theory with the definition of new operations such as restricted
union, intersection and difference. The effectiveness of soft sets in decision-making scenarios was
highlighted by Maji et al. [8], and Chen et al. [9] focused on parameter reduction techniques within soft
sets, drawing comparisons with feature reduction in rough set theory. Moreover, Gong et al. [10]
introduced the concept of bijective soft sets, outlining their key operations. In [11], Aktas presented the
concept of bijective soft groups and discussed their potential applications. Koyuncu introduced bijective
soft rings and explored their applications in [12]. Recent research has further explored the potential
applications of these bijective soft sets [13—14].

Rough set theory, originally created by Pawlak [4], is another powerful mathematical instrument
for dealing with vagueness and granularity in information systems. It approximates uncertain or inexact
concepts using lower and upper approximation sets. This approach has proved essential in numerous
domains, including data analysis, mereology, image processing, intelligent systems, and knowledge
discovery in databases [15-19].
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Despite their individual strengths, these theories may not always yield optimal results when used
in isolation. As well, researchers have explored hybrid approaches that combine the strengths of different
models. For instance, Herawan and Deris [20] revisited the rough set models of Pawlak and Iwinski
through the lens of soft set theory. In [21], several hybrid models—such as soft rough sets, rough soft
sets, and soft rough fuzzy sets—were introduced. Feng et al. [22] further explored the concept of soft
rough sets, representing an integration of soft and rough set theories. Over time, numerous studies have
examined the application of such hybrid models to decision-making problems [23-25]. Recently, a new
unification of soft and rough set theories has been proposed by Bagirmaz [26] in the form of bijective
soft rough sets.

This study introduces a fresh hybrid framework that is compatible with rough set theory while
preserving the essential properties of soft sets. A decision methodology built on bijective soft rough sets
is developed, including a detailed algorithm and a practical application that demonstrates the usefulness
of the proposed model.

2. Preliminaries

Key concepts and definitions of rough sets, soft sets, soft rough sets, bijective soft sets, bijective
soft rough sets and similar structures are sketched in this part.

Definition 2.1 [4] Let’s take a non-empty set U and an equivalence relation 8 on the set U. In
this case, the pair (U, 8) is called the approximation space. The equivalence class of a € U is denoted
by 6(a). For asubsetX € U,

X =aLEJU {6(a):0(a) € X},

X =u {6(a):0(a) N X = ).

The sets K,Y are called the lower and upper approximations of X with respect to (U, 8),

respectively. Bnd(X) = X — X is called rough boundary regions of X. If Bnd(X) = @; X is said to be
rough definable; otherwise X is called a rough set.

Definition 2.3 [5] Let U be a certain set called the universe, and E be a set of parameters
representing the properties of the elements in U. If A € E and f: A = P(U) is a set-valued mapping, a
pair S = (f, A) is called a soft set on U.

Definition 2.4 [6] Let (f, A) and (g, B) be two soft sets over U. Then (f, A) is called a soft

subset of (g, B), denoted by (f,A) € (g,B), if AS BandV e € A4, f(e) and g(e) have the same
approximations.

Definition 2.5 [6] Let (f, A) and (g, B) be two soft sets over U. The union of (f, A) and (g, B)
is defined as (h, C), where C = AU B and for all e € C,
f(e), ife € A\B,
h(e) ={g(e),ife € B\A,
f(e)ug(e)if e€e ANB
This is denoted by (f, 4) U (g, B) = (h, ().
Definition 2.6 [2] If (f, A) and (g, B) are two soft sets then “(f,A) AND (g, B)” (also denoted
as (f,A) A (f,B)) is defined by (f,A) A (f,B) = (h,A X B), where h(a,b) = f(a) N g(b) for all
(a,b) € A X B.

Definition 2.7 [10] Let (f, A) be a soft set on U, where f is a set-valued mapping f: A — P(U)
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and A is a non-empty set of parameters. (f, 4) is called a bijective soft set if it satisfies the following
conditions:

1. Ugea f(e) =1,

2. For two arbitrary parameters e;, e; € A, e; # e;, f(e;) N f(ej) = Q.
Example 2.8 Let (f, E) be a soft set over the set U = {a;, a,, as, a,, as} and set of parameters
E ={eq, e, e3,e,}. Let A ={eq,e5,e3}, B=1{ez e,}.
Let the mapping (f, E) be given by

f(e1) ={ay}, f(e;) ={az a4}, f(e3) ={az, as}, f(ey) = {as,az a}.
From Definition 2.7, (f, A) is bijective soft set. Whereas (f, B) is not bijective soft set.

Proposition 2.9 [10] If (f, A) and (g, B) are two bijective soft sets over U, then
(h,C) = (f,A) A (g, B) is also a bijective soft set.

Definition 2.10 [22] Let (f, A) be a soft set over the universe U. In this case, the triple (U, f, A)
is referred to as a soft approximation space. Depending on (U, f, A), for any subset X of U, following
two operators are defined

AX)={x€eU:Jee Alx € f(e) € X1},
AX) ={x€U:3ec Alx € f(e),fle) N X # ®]}.

The subsets A(X) and Z(X) are called the lower and upper soft rough approximations of X on
(U, f, A), respectively.

A rough set is given by a universe set U and an equivalence relation 8§ € U X U in the well-
known Pawlak approximation space. In the notion of a subjective soft set, each item in the universe can
be mapped to only one parameter, and the union of the partitions formed by these parameters constitutes
the universe of discussion. According to Definition 2.7, since the expression

C={f(e1),f(ez),...,f(ex)} e1,€z...,e, € A, is both a partition and a cover of the universe,
the expression f(e) can be considered as an equivalence class of e. In this context, the structure of the
universe can be analysed in the framework of a subjective soft set.

Let (f, A) be a bijective soft set on U. Then, corresponding pair B = (U, f, 4) is called a bijective
soft rough approximation space. Then, the set € = {f(e;), f(e2),..., f(en)}, where ey, e,,...,e, are
elements of A, will be called a class of values and can be defined by the equivalence relation 8 € U X U,
defined as follows (x,y) € 8 © x,y € f(e) forall x,y € U and only one e € A. Thus

0(x) = f(e) © x € f(e). Therefore, we can identify the notion of the class of values €4 of the
bijective soft set (f, A) and the quotient set U / 6 in B = (U, f, 4).

Definition 2.11 [26] Let (f, A) be a bijective soft set over U and B = (U, f, A) be a bijective
soft rough approximation space. Let X be a nonempty subset of U. Then the sets

Ag(X) =V {f(e):f(e) € X}and Ag(X) =y {fle):fle)nx # 0}

are called, respectively, lower and upper bijective soft rough approximations of X based on B =
W, f,A.

Moreover, Bndg(X) = A & (X) — A, (X) is called bijective soft rough boundary regions of X. If
Bndg(X) = 0, X is said to be bijective soft rough definable; otherwise X is called a bijective soft rough
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set.

From this point on, throughout this study, each bijective soft set (f, A) defined over the universe
U will be considered together with its corresponding bijective soft rough approximation space B =
(U, f,A), and for convenience will be denoted as (f, A) € B.

Example 2.12 Let the soft set (f, E) be defined on the set U = {xq, x5, X3, X4, X5} with
parameters E = {ey, e,, €3, €4, €s}. The mapping of (f, E) is as follows:

fler) = {x1,x3}, f(e2) = {x3,%4, %5}, f(e3) = {x1, %3, %3}, f(e4) = {x4} and f(es5) = {xs}.

We can tabulate this soft set as shown in Table 1. If x; € f(e) then x;; = 1, otherwise x;; = 0,
where x;; are the entries Table 1.

Table 1. Soft set (f,E).

51 €, é3 €, €s
Xy 1 0 1 0 0
X 1 0 0 1 0
X3 0 1 0 0 1
Xy 0 1 0 0 1
Xs 0 1 0 1 0

Let A = {eq,e;} S E, B = {e3, e4,es} € E. From Definition 2.7, (f, A) and (f, B) are bijective
soft sets.
Then

Gy ={f(e1) flex)} = {{x1:x2}: {x3, %4, xs}},
G:B = {f(eg),f(€4),f(€5)} = {{xl}' {xZ'xS}' {X3,X4}}.

For X = {x1,x5,x,} S U and Y = {x3,x5} € U we can write
ASB(X) = {xl'xz}' Z%(X) =U
and
Q%(Y) = @; BSB(Y) = {XZ' X3, X4, xS}'

Thus, by Definition 2.11, X and Y are bijective soft rough sets.

Proposition 2.13 [26] LetS = (f,A) € B. Then, for every X,Y € U following properties hold:
1. Ag(X) € X c Ag(X),
2. 45(9) = 45(9) = 0,
3. Ap(U) = Ap() = U,
4. Ag(X NY) = Ag(X) N Ag(Y),

5. Ag(X UY) = Ag(X) U Ag(Y),

N

XY= Ag(X) c Ag(Y),
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7. X Y =Ag(X) c Ag(Y),
8. Ag(X NY) € Ag(X) n Ag(Y),
9. Ag(XUY) 2 Ag(X) U Ag(Y).

Definition 2.14 [26] Let (f, A), (g, B) € B. Then we can define the following two operations on
bijective soft rough set (h,C) = (f,A) A (g, B); for every subset X € U

Cs(X) =Y {h(e):h(e) c X3},
Cs(X) =Y {h(e):h(e) N X # 0},

where h(e) = f(a) N g(b), Ve = (a,b) € A X B.

Proposition 2.15 [26] Let (f, A), (g, B) € B. Then approximation on (h,C) = (f,A) A (g, B),
for every X € U following properties hold:

. (%) 2 Ap(X) N By (X),
2. Cg(X) € Ag(X) N By (X).
Example 2.16 We reconsider the bijective soft sets (f, A) and (f, B) given in Example 2.12.
For

X ={x1,x3,x,} € U = {x1, x5, %3,X4, X5}, We obtain

éﬂ%(X) = {xl,xz}, ZQ;(X) =U

and
ESB(X) = {Xl}, E%(X) =U.
Also
Ag(X) N Bg(X) = {x,},
and

Ag(X) N Bg(X) = U.

Now taking (h,C) = (f,A) A (f,B),h(e) = f(a) n f(b),Ve = (a,b) € A X B.
Then we obtain

Cc = {h(e1), h(ez), h(es), h(e)} = {{xl}' {x2} {x3, x4}, {xs}}

and B
QQS(X) = {xpxz}' CQS(X) = {x1'x2'x3'x4}-
Thus
Cp(X) & Ag(X) N Bg(X) and Ag(X) N Bys(X) & C5(X)

Corollary 2.17 [26] Let (f;, 4;) € B, where (i = 1,2,3,...,n). Then approximations on
(hp, C) =AY, (fi, Ap), for every X € U following properties hold:

1 (Ga), 00 20, (4), 00,
2. (Ca) ) €y (A7) ().

Proposition 2.18 [26] Let (f;, 4;) € B, where (i = 1,2,3,...,n). Then approximations on
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(hn, C) =N (fi, Ay), for every X € U following properties hold:
L (G @02 (Cn),, 0,

2. (€)X € (Con) (XD,
where m < n.

Definition 2.19 [26] Let (f, A) € B. The accuracy measure of any subset X € U with respect to
A is defined as
grtice]
— Ag0f

Ba(X)

Obviously 0 < Ba(X) <1. If B§(X) =1, X is crisp with respect to A, and otherwise,
if B&(X) < 1, X is bijective soft rough with respect to A.

Let us depict above definition by examples referring to Example 2.16.
For X = {x1,x5,x,} S U and A € E we have Ag(X) = {x1,x,}, Ax(X) = U. For this case

A _ a0 _ 2
be(X) = [Ag(0| ~ 5°

It means that the parameter set A is less characteristic for X.
For X ={x1,x5,x,} SU and B < E we have Bg(X) ={x;}, Bg(X) = U. For this case
B _ B _ 1
by (X) = [Bg(x)| ~ 5°
It means that this parameter set B is much less characteristic for X.
For X = {x1,x,,%,} € U and C € E we have Cg(X) = {x1,x,}, Cg(X) = {x1, x5, x3,x4}. For
this case fg(X) = lEs@0| _ 2

[cs0] 4
A and B.

. It means that the set X can be characterized partially by parameter sets

Proposition 2.20 [26] Let (f;, 4;) € B, where (i = 1,2,3,...,n). Let (hy,, C,) =Al=; (fi, 4)).
Then, for every X € U and m < n,

B (X) < By (X).
3. Bijective soft rough sets in decision making

Concepts for creating a decision method using bijective soft rough sets are presented in here. It
also includes a decision algorithm and an application of the proposed method.

Definition 3.1 Let (f, A) € B and let (g, B) € B be a bijective soft rough set. Then, accuracy
measure of parameter e € B with respect to A is defined as

Ba(g(e)) = %

The accuracy measure of bijective soft rough set (g, B) with respect to A, denoted by ai§ (g), is
defined as

— 1 Bé(g(e).

|Bl ecB

og(g) =
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Definition 3.2 Let (f;, 4;), (g,B) € B, where (i = 1,2,...,n), and (h,, C,) =Al; (f;, 4;). If
aé” (9) = oﬂg’" (g), where m < n, then, we call the soft set (f',A") =L~J{Z1 (fi, A;) is a reduct of the soft

set (f, A) =UL; (fi, Ap.

Definition 3.3 Let (f, A) € B and let (g, B) € B be a bijective soft rough set. Then, certainty
measure of decision parameter e; € B with the help of e; € A is defined as

. |fedng(ej)|
€ Yy =2 A I
d®i(ey) Fenl

where e; € A and ¢; € B.

Definition 3.4 Let (f,A) € B and let (g, B) € B be a bijective soft rough set. Then, a decision
rule is defined as "if e; then e; ” with the certainty measure dei(ej), where e; € A and ¢; € B.
If d°(e;) = 1, then “if e; then e;” will be referred to as a certain decision rule; if 0 < d®(e;) <

1 the decision rule will be considered uncertain.
Now, based on the concepts presented above, the following algorithm will be introduced:

1. Construct bijective soft rough sets (f;, 4;) and bijective soft rough set (g, B),

2. Compute the accuracy measure Jéi(g) for each bijective soft rough set A (f;, 4;) by
Definition 3.1,

3. Find a reduct bijective soft rough set (hy,, Cp) =A%, (fi, A;) by Definition 3.2,
4. Find the certainty measure dei(ej) for all e; € B with respect to e; € Cp, by Definition 3.3,

5. Obtain the decision rules by Definition 3.4.
Let us apply the above algorithm on a real life application as follows:

Example 3.5 Let a public health department examine “life expectancy” situation of its citizens
according to their some informations to better serve the citizens. Consider the soft set (f, E) representing
“life expectancy”. Let’s assume that the set U = {x1, X5, X3, X4, X5, X6, X7, Xg} consists of eight people
and E denotes the parameter set, E = A; U A, U A3 UB, A; describes “sex”, A, describes “living
area”, Az describes “habits” and A, describes “decision”. The sets of these parameters are A; =
{female, male}, A, = {village,city,}, A; = {smoke, smoke and drinking, no smoke no
drinking} and B = {healthy, drug addict, under stress}, respectively. From Definition 2.8 and
Definition 2.11, (f;,4;) and (g, B) are bijective soft rough subsets of (f,E), where i = 1,2,3. The
mapping of each bijective soft rough sets over U defined as Table 2.
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Table 2. Table of bijective soft sets for life expectancy.

€ é; €3 €4 €s €e €y €g €9 €10
Xy 1 0 1 0 0 0 1 1 0 0
X 1 0 1 0 0 0 1 1 0 0
X3 0 1 1 0 1 0 0 1 0 0
Xy 0 1 0 1 0 1 0 0 1 0
Xs 0 1 1 0 1 0 0 0 0 1
X6 0 1 0 1 0 0 1 1 0 0
X7 0 1 0 1 0 1 0 0 1 0
Xg 1 0 1 0 1 0 0 0 0 1

We use abbreviation "e;" for female, "e," for male, "e3" for village, "e," for city,"es" for
smoke, "eg" for smoke and drinking, "e;" for no smoke no drinking, "eg" for healthy, "ey" for drug
addict and "eq," for under stress in the Table 2.

Step 1. According to collected information in Table 2, the mapping of condition bijective soft
rough sets (f;, 4;), i = 1,2,3 and the mapping of decision bijective soft rough set (g, B) are given below:

filer) = {x1, %2, %8}, fi(ez) = {x3, x4, %5, %6, X7},

f2(e3) = {x1, %2, %3, %5, X8}, f2(e4) = {xa, %6, %7},

f3(es) = {x3,x5, %8}, f3(e6) = {x4,x7}, f3(e7) = {x1, %7, %6},
g(eg) = {x1,x2, %3, %6}, g(e9) = {xx4, %7}, 8(e10) = {x5, xg}.

Step 2. We can calculate accuracy measure of bijective soft rough set (f, A4) with respect to
A (f;, Ap),i = 1,2,3, as Table 3 and 4.

Table 3. Table of the accuracy measure of parameters in B for each bijective soft rough set
A(fi, A, i=123.

A Az Az A12 A3 Az3 A1,2,3

B B B IH(B B B B
gles) 0 0 0 0 0,6 0,33 0,6
a(es) 0 0 1 0 1 1 1
a(esq) 0 0 0 0 0,33 0 0,33

Table 4. Table of the accuracy measure of bijective soft rough set (g, B) for each bijective soft rough
sets A (f;, 4;),i=1,2,3.

D R ) B L) ) B ) IR S ) B S )

0 0 0,33 0 0,57 0,44 0,57

Step 3. From step 2, we have 0';; ¥(g) = 0'521'2'3 (g), and so (f1,41) U (f3, A3) areduct bijective

soft rough set of LNJ?:1 (fi,Ai)- Let (h,C) = (f1,41) A (f3,43). The tabular form of (h, C) is given in
Table 5, where c; € C,i = 1,2,3,4,5.
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Table 5. Table for bijective soft rough sets (h, C) = (f1,41) A (f3,43) and (g, B)

Cq c, Cs Cy Cs
X1 1 0 0 0 0
X2 1 0 0 0 0
X3 0 1 0 0 0
X4 0 0 1 0 0
Xs 0 1 0 0 0
X6 0 0 0 0 1
X7 0 0 1 0 0
Xg 0 0 0 1 0
The parameters of C are
¢1; = (female) and (no smoke no drinking),
¢, = (male) and (smoke),
c3 = (male) and (smoke and drinking),
¢, = (female) and (smoke),
¢; = (male) and (no smoke no drinking).
Step 4. We have certainty measure for eg, eq and e; as Table 6.

Table 6. Table of the certainty measure for eg, eq and e4.
d°i(eg) 1 0,5 0 0 1
dei(e,) 0 0 1 0 0
d®i(ey,) 0 0,5 0 1 0

Step 5. Following the steps in Definition 3.4, we can determine decision rules as follows:

—

. if (female) and (no smoke no drinking) then (healthy), (d¢t(eg) = 1),
2. if (male) and (smoke) then (healthy), (d¢2(eg) = 0,5),

3. if (male) and (smoke) then (under stress), (d®2(e;y) = 0,5),

4. if (male) and (smoke and drinking) then (drug addict), (d®(eq) = 1),
5. if (male) and (no smoke no drinking) then (healthy), (d®(eg) = 1),
6. if (female) and (smoke) then (under stress), (d® (e1o) = 1).

As a result of the algorithm, the following rules are defined as final decision rules: , “if ¢; then

9 GGl 9 GG

eg”, “if c3 then eq”, “if ¢4 then eg’

>

and “if c5 then e These rules express precise pairings that allow
precise decisions to be made under certain conditions.

4. Conclusion

This study makes important contributions from both theoretical and practical perspectives. The
primary goal of the research is to develop a novel decision algorithm based on objective soft rough sets
and to test the effectiveness of this algorithm on an example. The findings show the practical
applicability of this algorithm. Accordingly, this research has the potential to pave the way for many
new studies on real-life applications.
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Abstract: In this study, a new silica-based Pirkle-type chiral stationary phase was successfully
prepared by using silica gel 60 as a matrix, 3-(chloropropyl)-trimethoxysilane as a spacer arm, and
(S)-4-amino-N-(1-cyclohexylethyl)benzamide (II) a chiral selector; and loaded onto the high
performance liquid chromatography column by using a mobile phase to prepare a new chiral high
performance liquid chromatography column. The chiral selector was synthesized in two steps. In the
first step, (S)-N-(1-cyclohexylethyl)-4-nitrobenzamide(l) was obtained, and then the aromatic amine
derivative (Il) of this compound was obtained with hydrazine hydrate and Pd/C catalyst. The prepared
chiral selector (1) was then immobilized on 3-chloropropyl functionalized silica gel (Ill) prepared by
condensation reaction of 3-(chloropropyl)-trimethoxy silane with silica gel 60. In the last step, the new
chiral stationary phase derived from silica (IV) was loaded onto a commercial column with the aid of
a column-packing apparatus using known methods. The structures of the synthesized chiral selector
(1), the new chiral stationary phase (IV), and the characteristic features of the prepared column were
investigated by spectroscopic techniques. As a result of the spectroscopic analysis, it was determined
that the new chiral stationary phase was prepared successfully.

Keywords: Chirality, Chiral stationary phase, Silica-based chiral high performance liquid
chromatography column.

Received: April 18, 2025 Accepted: June 4, 2025

1. Introduction

Chirality refers to a situation in which mirror images of compounds are not superimposable [1].
These compounds usually consist of at least two enantiomers that can have different effects in
biological systems [2-4]. Nowadays, chiral high performance liquid chromatography (HPLC) columns
containing specially designed chiral stationary phases (CSPs) are used to make enantiomeric
resolution of racemic mixtures, which are equal mixtures of two enantiomers [5,6]. In the preparation
of chiral HPLC columns, different matrices are used as column packing materials. For example, silica
gel is one of them. The surface of silica gel is modified with chiral selectors having chiral groups to
create a chiral environment. In this way, the behavior of enantiomers that encounter a chiral
environment towards the chiral stationary phase differs. As a result of this differentiation, racemic
mixtures can be divided into their enantiomers [7,8].

On the other hand, polymer-based stationary phases are among the important stationary phases
used in the preparation of chiral HPLC columns. These stationary phases are usually made of natural
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or synthetic polymers and contain suitable chiral groups that can separate enantiomers [9]. Apart from
these, other CSPs can be prepared from macrocyclic glycopeptide antibiotics, protein-based structures,
ligand exchange-based structures, and polysaccharide-based structures [10]. Chiral ligands are used to
enable different interactions between enantiomers by binding to the surface of stationary phases.
Generally, these stationary phases are cyclic structures such as crown ethers and cyclodextrins
containing chiral cavities. CSPs based on ion exchange are structures in which ion exchange is carried
out under the coordination of a dominant metal ion and operate on the basis of ion exchange [11,12].
In recent years, a new stationary phase has been added to these stationary phases. Previously known as
Brush-type CSP and later called Pirkle-type stationary phases, these new generation stationary phases
are formed by attacking and permanently binding a small chiral organic molecule attached to a support
arm such as a 3,5-dinitro benzoyl group to the silica surface, and the chiral groups on the silica surface
have a combed brush appearance [13,14]. The enantiomer pair to be separated is physically attached to
these surfaces through pi bond interactions, hydrogen bond interactions, ion-dipole interactions. The
chiral groups used can be acidic or basic amino acids, as well as chiral amino alcohol, amide alcohol,
ester or chiral carboxylic acid derivatives [15].

Pirkle-type CSPs are mostly silica-based materials containing chiral separating selectors [16].
These CSPs were first developed by W. H. Pirkle and colleagues in 1967 and were designed based on
the idea that molecules containing chiral groups could be interacted with non-chiral connecting arms
or surfaces to form a series of new ligands containing chiral groups [17,18]. These systems enable the
separation of enantiomers by using different interactions of optical equivalents. Pirkle ligands are
chiral organic molecules usually derived from natural or synthesized compounds [19]. These ligands
can provide selective interactions based on the different physicochemical properties of the
enantiomers, presenting a specific stereo chemical structure. For instance, some of Pirkle ligands may
contain B-amino acid derivatives and other similar chiral structures [20]. In these CSPs, chiral
molecules are attached to the silica gel by ionic or covalent bonds. In general, we can talk about three
types of Pirkle-type CSPs. These are m-acidic CSPs, n-basic CSPs, and m-acidic-basic CSPs [21]. The
first stationary phase of ionic bonding developed by Pirkle is (R)-3,5-dinitrobenzoyl phenyl glycine.
The most commonly used spacer arm is 3,5-dinitrophenyl group, which is known for its reactions with
3,5-dinitrobenzoyl chloride on chiral selectors including amino acids, amino alcohols, and amines. The
first CSP designed based on ionic bonding was designed by Pirkle and contained 3,5-dinitro benzoyl
groups a spacer arm [22]. These CSPs contain phenyl or alkyl-substituted phenyl groups. Pirkle-type
CSPs are quite stable and have good chiral selectivity. This type of CSP is frequently used for the
separation of racemic drugs and amino acid analysis [23]. Firstly, these CSPs achieved chiral
separation of racemic compounds. However, in some cases, racemic compounds may need to be
previously derivatized with achiral reagents. Experimental studies have shown that this type of CSPs
is more effective than other CSPs in chiral separation. In such CSPs, chiral separations are usually
performed in normal phase mode. However, with the development of new and more stable phases, the
reverse phase mode has become more popular [24-28].

In the current study, a new Pirkle-type CSP was obtained as a new silica gel based column-
packing material and the prepared CSP was loaded onto the column to prepare a new chiral HPLC
column. In this context, a chiral selector was synthesized and elucidated by spectroscopic techniques
including 'NMR, "C NMR and FTIR. The molecular structure of newly prepared CSP was
characterized by FT-IR, elemental analysis and BET measurement, respectively.
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2. Materials and Methods

2.1. Chemistry and Analysis

All chemicals (4-nitrobenzoylchloride, (S)-(+)-1-cyclohexylethylamine, hydrazine monohydrate
(HoN-NH».H>0), palladium on carbon (Pd/C), tetrahydrofuran, toluene, chloroform, triethylamine,
silica gel (Lichrospher Si 60, 5 um, 60 A) and 3-chloropropyltrimethoxy silane) used in the
preparation of the chiral ligand and the targeted CSP were commercially obtained from Sigma, Merck
or Fluka. These chemicals were used without any further purification. Deionized water (Millipore
Milli-Q water system) was used in the preparation of all aqueous solutions. Melting points of the
targeted compounds were determined by using a Barnstead 1A9100 electrothermal digital melting
points apparatus. The structures of the synthesized compounds were determined by FT-IR
(PerkinElmer Spectrum 100 FT-IR spectrophotometer), 'H (400 MHz) and "*C (100 MHz) NMR
spectra (Bruker DPX-400 High Performance Digital FT-NMR spectrometer), and elemental analysis
(Thermo Scientific FLASH 2000 instrument). Empty HPLC column was obtained from Quality
System Merieux Nutrisciences Company (Istanbul, Turkey). The synthesized chiral stationary phase
was packed into the empty HPLC columns using an easypack analytical column packing system
(Compressor model DA7001). Specific surface area analysis was made using single-point BET
measurements on a Micromeritics Tristar IT Plus BET analyzer.

2.2. Synthesis of (S)-N-(1-cyclohexylethyl)-4-nitrobenzamide (I)

A solution of p-nitrobenzoyl chloride (0.0314 mmol) and triethylamine (4.5 mL) in 100 mL of
tetrahydrofuran was vigorously stirred at room temperature for 30 min. Then, (S)-(+)-1-
cyclohexylethylamine (0.0314 mol) in 100 mL of tetrahydrofuran was added dropwise to this solution,
and then the obtained reaction mixture was stirred at room temperature for 24 h. After completion of
the reaction, the precipitated triethylammonium chloride was removed by vacuum filtration. The
resulting filtration was concentrated by rotary evaporation to remove the solvent. The crude product
was recrystallized from a 3:2 ethanol/methanol mixture. The product, obtained as off-white needle-like
crystals, was collected by vacuum filtration and washed with diethyl ether or petroleum ether (40—
60 °C). The final product was dried in air at room temperature.

2.2.1 (S)-N-(1-cyclohexylethyl)-4-nitrobenzamide

Yield: 6.93 g (79%), melting point: 199-200 °C. FT-IR (cm™): 3290, 3079 (Aromatic C—H
stretching), 2961, 2849 (Aliphatic C—H stretching), 1636 (Amide C=O stretching), 1598 (NO:
asymmetric stretching), 1546-1442 (C—C stretching, aromatic benzene ring), 1342 (C-H bending
vibrations), 1106—1188 (C—N and aromatic C-O stretching). "H NMR (8, ppm, CDCls): 1.23-1.82 (m,
14H, aliphatic H), 4.05—4.10 (m, 1H, CH), 6.14 (d, 1H, NH), 7.92 (d, 2H, Ar—H, J = 2.0 Hz), 8.27 (d,
2H, Ar-H, J = 2.0 Hz). *C NMR (3, ppm, CDCls): 17.92, 26.13, 29.18, 43.15, 50.49, 123.76, 128.06,
140.76, 149.43, 164.86.

2.3. Synthesis of (5)-4-amino-/V-(1-cyclohexylethyl)benzamide (II)

To a 500 mL two-necked, round-bottom flask equipped with a reflux condenser, 5.56 g of (S)-
N-(1-cyclohexylethyl)-4-nitrobenzamide was added along with 200 mL of absolute ethanol. The
mixture was stirred using a magnetic stirrer under gentle heating until complete dissolution was
achieved. Then, 0.5 g of palladium on carbon (Pd/C) was added to this solution, and the reaction
temperature was increased to 65°C. After stirring for 30 min, 100 mL of hydrazine hydrate,
previously placed in a 250 mL dropping funnel, was added dropwise over 30 min. The reaction
mixture was then refluxed under continuous stirring for 7 h. After completion of the reaction, the
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mixture was filtered many times by filtration to remove the Pd/C catalyst until a clear and light-
colored filtrate was obtained. The filtrate was transferred to a rotary evaporator, and the solvent was
removed under reduced pressure. The solid residue was crystallized from an ethanol/hexane mixture.
The resulting product is formed as shiny white, fluffy crystals. The crystals were collected by vacuum
filtration and dried in a desiccator.

2.3.1 (S)-4-amino-N-(1-cyclohexylethyl)benzamide (II)

Yield: 4.56 g (92%). melting point: 180-182 °C. FT-IR (em™): 3316 (N—H stretching, doublet),
3200 (Aromatic C—H stretching), 2919, 2849 (Aliphatic C—H stretching), 1624 (Amide C=0), 1538—
1446 (C—C stretching, aromatic ring), 1344 (C—H bending), 1283—1273 (Aromatic substitutions). 'H
NMR (8, ppm, CDCls): 1.10-1.84 (m, 16H, aliphatic), 4.08-4.13 (m, 1H, CH), 5.97 (d, 1H, NH), 7.93
(d, 2H, Ar-H, J = 2.1 Hz), 8.30 (d, 2H, Ar—H, J = 2.1 Hz). *C NMR (8, ppm, CDCls): 18.01, 26.23,
29.17,43.21, 50.42, 123.82, 128.05, 140.75, 149.49, 164.81.

2.4. Preparation of 3-Chloropropyl Functionalized Silica Gel (III)

4 g of silica gel and 2.5 g of 3-chloropropyltrimethoxysilane were added to a 100 mL single
neck round bottom flask. Then, 30 mL of toluene was added to this mixture and the reaction mixture
was stirred under reflux for 4 days. After the reaction was completed, the mixture was filtered through
standard filter paper. The solid was wrapped in double filter paper and placed in the Soxhlet apparatus.
The solid was extracted with 150 mL of chloroform overnight. After the extraction process, the
product was dried in a desiccator. At the end of the reaction, 5.5 g of 3-chloropropyl functionalized
silica gel was obtained.

2.5. Preparation of the Novel CSP (IV)

5.5 g of 3-chloropropyl functionalized silica gel (III) and 2.9 g of compound II dissolved in 40
mL of toluene were added to a 100 mL single neck round bottom flask. The reaction mixture was then
stirred under reflux in an oil bath at 130 °C for 6 days. Next, the reaction mixture cooled to room
temperature and filtered. The filtrate was washed with methanol to remove unreacted amine. The solid
product remaining on the filter paper was then placed in a Soxhlet apparatus and washed with
chloroform for 3 days. The resulting yellowish material (CSP) was dried in a desiccator for 7 days. At
the end of the reaction, a total of 7 g of new CSP was obtained.

2.6. Preparation of Chiral HPLC Column

Firstly, 3.5 g of the freshly prepared CSP was suspended in 30 mL of methanol. Then, the
suspension was loaded onto the column with the help of a column packing apparatus using a 300 mL
of methanol: isopropanol (1:1) mixture as the mobile phase. The column filling process was carried
out entirely in the column-packing apparatus and at room temperature, and the maximum filling
pressure was 500 bar. The flow rate was adjusted by filling the column with the 300 mL suspension
for 2 h. Initially, a greenish liquid came from the column during loading. Over time, the color
lightened and became clear. Several properties of the newly prepared column are given in Table 1.

26



Middle East Journal of Science (2025) 11(1):23-31 https://doi.org/10.51477/mejs.1679531

Table 1. Properties of the newly prepared chiral HPLC column

Limit Pressure 500 bar

aMax. flow rate for 100% methanol 2.5 mL/min (250 bar)
aMax. flow rate for methanol/isopropanol:50/50 4.5 mL/min (450 bar)
Packing Time 2h

PParticle Size 5 pm

®Pore Size 60 A

Matrix active group amide, cycloalkyl, aromatic amine
Column dimensions 250 x 4.6 mm

“Total pore volume 0.20953 cm?/g
°Surface area 238.1289 m¥g
“Micropore volume 0.04782 cm?/g
“Mesopore volume 0.16171 cm?/g
°Average pore diameter nm

dExtent of labelling 3.73% carbon loading

aMax. flow rate was determined at the maximum operation pressure (500 bar) at 25°C.
Physical properties of commercially available silica (unmodified, blank silica) (Sigma-Aldrich).
‘Based on the BET analysis.
9Based on the elemental analysis.
On the other hand, the elemental analysis results of blank silica and silica gel-based new CSP
are given in Table 2.

Table 2. The elemental analysis results of blank silica and new CSP

Elemental analysis results (%) C H N
Blank Silica 0 0.04 0
Average 3.73 0.56 0.47

3. Results and Discussion

3.1. Synthesis and Characterization

HPLC separation is among the popular research areas. In recent years, significant efforts have
been made to prepare new and efficient HPLC columns. For this purpose, various HPLC columns
have been prepared and tested so far using different novel CSPs for various purposes, including
enantiomeric resolution or molecular separation [1,7,17,27,29]. In this research, a new Pirkle-type
CSP (IV), a new silica gel-based column packing material, was prepared by the condensation reaction
of 3-chloropropylfunctionalized silica gel (III) with the chiral selector, and then the prepared novel
CSP was loaded onto the HPLC column to obtain a novel chiral HPLC column. To prepare the new
CSP, silica gel 60 as a matrix, 3-(chloropropyl)-trimethoxysilane as a spacer arm, and (S)-4-amino-N-
(1-cyclohexylethyl)benzamide (II) as a chiral selector were used. The chiral selector was successfully
synthesized in two steps using (S)-(+)-1-cyclohexylethylamine as the starting material. The targeted
chiral selector and novel CSP were successfully characterized by various spectroscopic techniques.
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The synthesis route to obtain the chiral selector (II) and the newly synthesized CSP (IV) is described
in Scheme 1.

O:N
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Scheme 1. Synthetic route to the preparation of the chiral selector (II) and the novel SP (IV)

When examining the IR spectra of compounds used in the synthesis of the chiral selector, while
no peaks were observed in the IR spectrum of compound I in the 3300-3500 cm™ region, the
characteristic N-H stretching vibrations of primary amines were observed at 3316 cm™ and 3220 cm
in the IR spectrum of compound II. The 1598 cm™ stretching vibration peak belonging to the nitro
group seen in the IR spectrum of compound I disappeared in compound II. Moreover, the observation
of amine N-H in-plane bending vibrations at 1602 cm™ in the IR spectrum of compound II indicates
that reduction has occurred. In the IR spectrum of compound III, only bands belonging to C-H
stretching vibrations (aliphatic C-H stretching is more dominant) are visible around 2971 cm™ while
new peaks were observed at 1610 cm™, 1506 cm™ and 1448 cm™ in the IR spectrum of compound IV.
The new peaks were evaluated as C=0 stretching of amide carbonyl, C-H bending of alkyl groups and
aromatic ring C=C stretching vibrations, respectively. No change was observed in the basic peaks in
the fingerprint region. This is evidence that the amine group was replaced by the chlorine atom in the
chlorinated silica (III) as a result of a nucleophilic reaction and that compound II was bound to the
silica surface. The fact that the comparative IR spectra of compound III and compound IV do not
overlap is another proof that binding has occurred. In the NMR spectra of the chiral selector, the
increase in the number of H atoms in the "H NMR spectrum of compound II obtained as a result of the
reduction reaction is another evidence that the NO, group has transformed into the NH, group. In *C
NMR spectra of the chiral selector (I), the signal at 164 ppm belongs to the carbonyl group, and the
signals between 18 and 50 ppm belong to aliphatic carbons. In addition, the peak at 5.97 ppm in the '"H
NMR spectrum belongs to the amide proton in the structure. On the other hand, the specific surface
area and the total pore volume of the new CSP measured by using BET analysis were calculated to be
238.1289 m’g ' and 0.20953 cm® g, respectively, which are greatly reduced compared to those of the
blank silica (737 m’g ' and 0.75 cm®g")[7], as seen in Table 1. In addition, elemental analysis of blank
silica and new CSP was carried out to measure the elemental composition. As shown in Table 2, the
carbon (C), hydrogen (H) and nitrogen (N) contents of the new CSP were calculated as 3.73 0.56 0.47,
respectively. FTIR, BET measurement and the elemental analysis results of novel silica gel-based CSP
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demonstrate the successful preparation of the targeted column packing material. FT-IR, 'H, and
BCNMR spectra of chiral selector (I and II), 3-chloropropyl functionalized silica gel (III) and novel
CSP (IV) are given in the Supplementary Materials, Figures S1—S9.

4. Conclusion

In this study, a new Pirkle-type CSP (IV) as a new silica gel-based column packing material was
easily obtained by the reaction of a chiral selector (II) with 3-chloropropyl functionalized silica gel
(IIT). Then, the prepared new CSP (IV) was loaded onto the HPLC column using a mobile phase. For
this study, the chiral selector was synthesized in two steps and in high purity, and then elucidated by
spectroscopic techniques ('"NMR, *C NMR and FTIR). The structure of the targeted novel CSP was
characterized by FT-IR, elemental analysis and BET measurement. At the end of the study, we can say
that the newly prepared chiral HPLC column has the potential to be used in enantiomeric resolution of
racemic compounds or molecular separation studies of bioactive or important molecules.
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Abstract: This study covers groundwater treatment for nitrate (NOs') removal by the electrocoagulation
(EC) method for March (pre-irrigation) and October (post-irrigation) of 2023 for ten observation points
in an arid and semi-arid region. Stainless steel (SS) plate electrodes were used in the process, and
energy consumption and cost assessment were also carried out. The study area is covered with fertile
agricultural lands, and the people of the region make their living from agricultural activities. Therefore,
the actual groundwater samples used in the study contain high concentrations of NOs'. The effectiveness
of the main operational parameters, such as initial pH, electrical conductivity, and current density, was
analyzed. It was observed that nitrate removal at the highest electrical conductivity value (2239 uS/cm)
had the lowest energy consumption value (0.81 kWh/m?). The SS values measured at the end of the EC
process were < 0.4. In other words, the SS value passing into the water is very low and has no adverse
effect on human health. In this study specific to the Harran Plain, a cost of $1.06 per m* was calculated

for nitrate removal using current electricity costs.
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1. Introduction

The electrocoagulation (EC) process utilizing stainless steel electrodes has emerged as a
promising method for the treatment of nitrate-contaminated groundwater. This technique leverages the
electrochemical reactions that occur when an electric current is applied to electrodes submerged in
water, leading to the destabilization and aggregation of pollutants, including nitrates (NO3’). The
efficiency of this process is influenced by several factors, including electrode material, current density,
pH, and operational parameters. Electrocoagulation operates by generating metal hydroxides through
the dissolution of the electrodes, which then interact with dissolved contaminants. Stainless steel (SS)
electrodes are particularly advantageous due to their durability and resistance to corrosion, which can
enhance the longevity of the treatment system [1,2]. Studies have shown that stainless steel electrodes
can achieve significant nitrate removal efficiencies, often exceeding 90% under optimal conditions [3,4].
For instance, research indicates that the electrocoagulation process can effectively reduce nitrate levels
in groundwater, with operational parameters such as current density and electrode spacing playing
critical roles in optimizing removal rates [5,6]. The mechanism of nitrate removal via EC involves both
adsorption and electrochemical reduction. The hydroxide ions generated at the cathode facilitate the
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formation of flocs that capture nitrate ions, while the applied electric current promotes the reduction of
nitrates to nitrogen gas or ammonia [7,8]. This dual mechanism not only enhances the removal efficiency
but also allows for the potential recovery of valuable by-products, such as ammonia, which can be
utilized in various applications [9,10]. Various traditional techniques such as adsorption, ion exchange,
reverse osmosis, electrochemical, chemical, and biological methods have been developed to remove
nitrate from water [11,12]. Furthermore, the integration of electrocoagulation with other treatment
methods, such as adsorption, has been explored to further enhance nitrate removal efficiencies [13].

The EC process has emerged as a promising technology for the removal of nitrates from
groundwater, particularly when utilizing SS electrodes. This method leverages the electrochemical
generation of coagulants, primarily metal hydroxides, which destabilize and aggregate contaminants,
facilitating their removal from aqueous solutions. The efficiency of EC in treating nitrate-laden water is
influenced by various operational parameters, including electrode material, current density, pH, and
contact time, which collectively dictate the effectiveness of the process. Stainless steel electrodes have
garnered attention due to their durability and effectiveness in electrocoagulation applications. Studies
have shown that stainless steel electrodes can effectively generate the necessary coagulants while
exhibiting resistance to corrosion, which is a significant advantage over more traditional materials like
aluminum or iron [3,14]. The use of stainless steel also minimizes the risk of introducing additional
contaminants into the treated water, which is a critical consideration in groundwater remediation efforts
[15]. The operational parameters of the electrocoagulation process are crucial for optimizing nitrate
removal. Research indicates that the optimal contact time for effective nitrate removal typically ranges
from 15 to 60 minutes, with a peak efficiency observed at around 30 minutes [16]. Additionally, the
current density applied during the electrocoagulation process plays a pivotal role in determining the rate
of nitrate removal. Higher current densities have been associated with increased production of
hydroxides, thereby enhancing the coagulation process [1]. However, it is essential to balance the current
density with energy consumption, as excessively high values may lead to diminishing returns in nitrate
removal efficiency and increased operational costs [8]. The pH of the solution is another critical factor
influencing the electrocoagulation process. The removal efficiency of nitrates tends to be higher at acidic
pH levels, where the presence of hydrogen ions can facilitate the reduction of nitrate ions [17]. In
addition to the operational parameters, the configuration of the electrocoagulation system, including the
distance between electrodes and the arrangement of the electrodes, can significantly impact the treatment
efficiency. Studies have shown that maintaining an optimal gap between stainless steel electrodes can
enhance the electric field strength, thereby improving the coagulation process [14]. Furthermore, the
design of the electrocoagulation reactor, such as the use of batch versus continuous flow systems, can
also influence the overall effectiveness of nitrate removal [18]. The integration of electrocoagulation
with other treatment methods can further enhance nitrate removal efficiencies. For instance, coupling
electrocoagulation with activated carbon filtration has been shown to improve the overall quality of
treated water by not only removing nitrates but also adsorbing residual contaminants [19]. This two-step
approach allows for a more comprehensive treatment strategy, addressing multiple contaminants
simultaneously and improving the sustainability of groundwater treatment practices. The environmental
implications of nitrate contamination in groundwater are significant, as elevated nitrate levels can lead
to adverse health effects and ecological disturbances. The electrocoagulation process offers a viable
solution to mitigate these risks by providing an efficient and environmentally friendly method for nitrate
removal [20,21].

The central and southern parts of the Harran plain basin have good groundwater potential. While
very good groundwater potential is found regionally towards the north, other parts of the basin are
generally at moderate levels. In some regions, groundwater potential is almost non-existent and
therefore, it is characterized as poor. Unfortunately, the fact that agro-based nitrate pollution is
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encountered in the waters in the Harran Plain region, where groundwater potential is characterized as
good, negatively affects the quality of the waters here. The point of this study was to look at the quality
of groundwater in the Harran plain, which is mostly used for farming, and see how well the
electrocoagulation process worked at getting rid of nitrates in water samples that were taken from
severely nitrate-contaminated groundwater before and after irrigation. This strategy is anticipated to
enhance its applicability in other places exhibiting similar features to the study area.

2. Materials and Methods

2.1. Description of study area

The Harran Plain is situated in the Sanliurfa-Harran irrigation area. The plain, about 30 km in
breadth and 50 km in length, is situated in the Southeastern Anatolia Region (36° 43' - 37° 10' N and
38° 47" - 39° 10" E). The region, the largest component of the GAP Project, encompasses 141,855
hectares of irrigable land, a drainage area of 3,700 square kilometers, and the plain area of 1,500 square
kilometers. In the area characterized by a semi-arid climate, precipitation is virtually absent from June
to September. The long-term annual precipitation is 284.2 mm, the temperature is 18 °C, and the
evaporation is 1848 mm. The overall gradient orientation is from north to south, ranging from 0% to
2%. The terrain gradient is nearly level in the vicinity of Harran and Akgakale districts. The level terrain
contributes to issues related to agricultural water runoff and drainage complications. The soils are clay-
rich, with pH values ranging from 7.5 to 8.0. The minimum permeability is 0.22 m/day, while the
maximum permeability is 3.51 m/day. Seventy-seven percent of the land has soil profiles above 150 cm
in depth [22].
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Figure 1. The map of the study area. *Sampling Points: Ugurlu (1), Yardimci (2), Ozanlar (3), Dorug
(4), Ugrakli (5), Bolatlar (6), Yaygili (7), Olgunlar (8), Kisas (9) and Camlidere (10).

2.2. Sample collection

The primary concern to Harran Plain groundwater is the pollutant characteristics transported by
agricultural return irrigation flows. Sampling was conducted in the Harran Plain over two intervals: pre-
irrigation in March 2023 and post-irrigation in October 2023. Initially, samples were collected from 10
wells at specified ratios (Figure 1). Harran Plain contains two types of aquifers: shallow and deep. The
selected ten sampling locations illustrate the shallow aquifer of the plain [23]. Groundwater sampling
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was conducted in the shallow aquifer. Water samples collected from the sampling locations were
processed in compliance with the laboratory conditions established according to the norms at Harran
University. In-situ and laboratory analyses were performed on these samples. This study conducted
nitrate analyses in October and March utilizing the ICP-MS technique in accordance with Standard
Methods. During sampling, parameters such as groundwater level, temperature, conductivity, pH were
measured in-situ. The groundwater level of the wells was determined by a well meter. pH measurements
were made with a WTW Multi 340i device and conductivity and temperature measurements were made
with a Hach HQ40D device.

2.3. Design of Electrocoagulation Units for Nitrate Removal

Glass with dimensions of 100 x 100 x 250 mm served as the EC reactor in the experimental
studies. The study used seven plate electrodes measuring 96 x 180 x 1.5 mm (purity P 99.5%). A batch
reactor carried out the EC process to remove nitrate from groundwater using SS electrodes. Figure 2
illustrates the process, while Table 1 displays its characteristics. The minimum distance between the
electrodes with monopolar connection was determined to be 10 mm. The Rigol DP832A Programmable
3-Channel DC Power Supply provided current and voltage control. Mixing was carried out with the IKA
RH Basic 2 brand magnetic stirrer.

LB

—_— -

Power Supply l

_ il §

Nitrate-containing Electrocoagulation Electrocoagulation
Groundwater Treatment Unit Effluent Tank

Figure 2. Experimental setup used in the current batch EC process studies.

The pH, conductivity, and temperature of the samples taken at regular intervals during the reactor
operation period were measured according to standard methods for examination of water and
wastewater. The experiments were carried out in three replicates.

3. Results and Discussion

The Harran Plain saw a rapid level rise from the start of the irrigation period in 1995 until 1998.
A rise of about 25 m can cause damage to groundwater quality, such as increased conductivity values
due to increased salinity. After 2006, the increase in water level continued (about 15 m), and in 2016,
the groundwater levels in the wells reached alarming levels (up to a depth of about 2 m below the
ground). According to the data obtained within the scope of this study, this level gradually increased
and reached approximately 1.9 meters.

Examining the pre-irrigation and post-irrigation periods reveals that many sampling points have
nitrate concentrations exceeding the permitted 50 mg/L. The conductivity values showed little change
before and after irrigation periods. Furthermore, the measurements at the same points revealed very
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similar results. Examining the pH values revealed similar results in the pre- and post-irrigation periods.
This indicates that there is a direct proportional relationship between nitrate and electrical conductivity.

3.1. Nitrate concentrations were obtained in water analyses

The graph in Figure 3 displays the nitrate concentration values pre-irrigation (March) and post-
irrigation (October). Fertilizers used in agricultural applications cause nitrate pollution, which belongs
to the highest risk class of pollutants. The accumulation of nitrate in the soil is a result of increased
agricultural production activities and fertilizer use. Different environmental conditions wash out
accumulated nitrate, causing it to move deeper into the soil. Nitrate-reducing bacteria in the soil convert
fertilizer to nitrate through nitrification, and because nitrate has a negative charge, it washes away and
reaches the groundwater. Even under normal conditions, it is stated that only 50% of nitrogen fertilizers
applied to the soil are used by plants, 2-20% is lost through evaporation, 15-25% is combined with
organic compounds in clay soil, and the remaining 2-10% is mixed with surface and groundwater [23].
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Figure 3. Nitrate values measured in the samples taken from the sampling points in pre- and post-
irrigation periods.

In the Harran Plain region, farmers typically plan for cereal cultivation in the autumn season,
while they plan for cotton and corn cultivation as a secondary crop between spring and summer. The
first planting stages of products grown in dry or irrigated conditions undergo fertilization. Therefore, we
apply intensive fertilizer to the soils both during the autumn-winter pre-irrigation period and the spring-
summer irrigation period. In this scenario, nitrate leaching from the soils could potentially occur
throughout the year. The graph displays very close nitrate values before and after irrigation at all
sampling points in the Harran Plain. According to the results of March, which is the pre-irrigation period,
the nitrate concentration in the well in Ugurlu town was 642.78 mg/L, which is an alarming level. The
nitrate concentration in this well in October was 582.22 mg/L. We observed that the nitrate levels in this
case did not significantly change seasonally or before and after irrigation. The region's intensive
agricultural activities for many years have led to nitrate pollution in groundwater. However, experts
believe that nitrate pollution in the sampling points stems from a multi-year process that began during
the irrigation period (1995) in the Harran Plain. It is assumed that the nitrate values in the wells increased
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by adding each year and reached today's values, especially as the groundwater levels increased over the
years.

3.2. Investigation of nitrate pollution in batch reactor

Excessive use of artificial fertilizers, particularly in intensive agricultural practices, is the primary
cause of nitrate levels exceeding the limit values in the groundwater in the study area. Especially in
regions with semi-arid-arid climates, the high level of irrigation needs and unconscious irrigation
techniques cause nitrate washing in soils and nitrate mixing into groundwater. Various traditional
techniques such as adsorption, ion exchange, reverse osmosis, electrochemical, chemical, and biological
methods have been developed to remove nitrate from water. However, these have various limitations
such as post-treatment re-treatment, less efficiency and high installation costs. Among conventional
techniques, the electrocoagulation process is an effective technology for nitrate removal. This is because
nitrate anions prefer to stick to the surfaces of metal-hydroxide precipitates that are growing, and the
higher the current density, the higher the operational cell potential, which improves the removal
efficiency [22].

This study used electrocoagulation, a method that is both effective and easy to apply, for nitrate
removal studies. Lacasa et al. [3] carried out nitrate removal studies with EC using Al and Fe electrodes
from groundwater. They concluded that EC is an effective process for nitrate removal. Majlesi et al.
[24] obtained nitrate removal efficiency of around 96% under optimum time and pH conditions using
Al electrodes. The study was based on four different points (Ugurlu, Dorug, Bolatlar, Kisas) where
nitrate concentrations were above the limit values as a result of the analyses. EC studies for nitrate
removal were carried out on natural groundwater samples taken from four different sampling points in
the Harran Plain region of Sanliurfa province.
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Figure 4. Variations of nitrate removal efficiencies for (a) pre-irrigation (b) post-irrigation periods
during the EC process.

The EC process successfully reduced the nitrate concentration below the maximum pollutant level
of 50 mg/L in the pre- and post-irrigation period. Nitrate removal efficiencies for Ugurlu, Dorug,
Bolatlar and Kisas in the pre-irrigation period were 95.27%, 83.79%, 86.23% and 87.44%, respectively.
In the post-irrigation period, nitrate removal efficiencies for Ugurlu, Dorug, Bolatlar and Kisas are
94.25%, 82.79%, 89.27%, 84.17%, respectively (Figure 4). EC operating conditions and energy
consumption are shown in Table 1. According to the results, energy consumption increased as the
conductivity decreased. The lowest energy consumption value (0.81 kWh/m®) corresponded to the
highest conductivity (2239 uS/cm).
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Table 1. EC operating terms and conditions.

Electrocoagulation Process

Pre-irrigation Post-irrigation

Parameter Ugurlu Dorug¢ Bolatlar Kisas  Ugurlu Doru¢ Bolatlar Kisas
Electrode material SS SS SS SS SS SS SS SS
Current density (mA/cm?) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Temperature (°C) 18.1 17.8 20.4 18.8 23.1 22.2 24.8 24.6
%ﬁtgi;l)l\lof concentration 64278 13476 18421 12681 58222 81.17 11573 9291
Final NOs™ concentration (mg/L) 30.37 21.84  25.36 1592 3347 8279 1241 14.70
Initial pH 7.31 7.53 7.74 8.33 7.44 8.13 7.32 7.44
Final pH 7.14 7.38 7.45 8.13 7.17 7.76 7.12 7.29
Eﬁisﬁ/ilr;’)‘ecmcal conductivity - n94  jog2 1488 1253 2165 2239 1456 1136
(F;ga/‘iﬂfcmcal conductivity 1387 1174 768 508 1247 1334 702 486
Operating time (min) 240 240 240 240 240 240 240 240
Nitrate removal (%) 95.27 83.79  86.23 87.44  94.25 82.79  89.27 84.17
Energy efficiency (kWh/m?) 0.89 0.99 1.02 1.05 0.83 0.81 1.11 1.15

The pH of a solution is one of the most important parameters in the EC process [25]. Especially
in this study, pH affected nitrate removal and the performance of the electrochemical process.
Throughout the experimental study, water pH was difficult to control due to the instability of the EC
process. As shown in Figure 5, both pH and conductivity were measured at certain time intervals. Both
decreased as the nitrate removal rate increased. At the end of the study period, pH and conductivity
values decreased (Figure 6).
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Figure 5. Variation of pH values for (a) pre-irrigation (b) post-irrigation periods during the EC process.
Operational parameters, including pH and current density, are crucial for optimizing the

electrocoagulation process. Research has shown that maintaining a slightly acidic to neutral pH can
improve nitrate reduction rates, as the presence of hydrogen ions can facilitate the electrochemical
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reactions involved in nitrate reduction [18]. Additionally, higher current densities have been associated
with increased removal efficiencies, although they may also lead to higher energy consumption and
potential electrode degradation [1,26]. Therefore, a balance must be struck between efficiency and
operational costs.
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Figure 6. Variation of conductivity values for (a) pre-irrigation (b) post-irrigation periods during the
EC process.

Furthermore, the economic feasibility of electrocoagulation using stainless steel electrodes is
supported by its relatively low operational costs compared to traditional methods. The longevity of
stainless steel electrodes reduces the frequency of replacements, and the energy consumption can be
optimized through careful management of the operational parameters [27]. Studies have indicated that
the use of stainless steel in electrocoagulation systems can lead to cost-effective solutions for treating
nitrate-laden groundwater, making it an attractive option for municipalities and industries alike [8].

One of the important economic parameters in the EC process is electrical energy consumption.
Electric energy consumption is a critical factor in various industrial processes, particularly in wastewater
treatment technologies such as electrocoagulation. The energy consumption in electrocoagulation is
primarily determined by the current density applied during the treatment process. Higher current
densities can enhance the removal efficiency of contaminants but also lead to increased energy costs.
For instance, studies have shown that optimizing current density can lead to significant reductions in
energy consumption while maintaining effective pollutant removal [28,29]. Specifically, a current
density of around 20 mA/cm? has been identified as effective for various applications, balancing energy
use and treatment efficiency. The study reports energy consumptions of 0.143 kWh/kg of suspended
solids (SS) for aluminum electrodes and 0.0571 kWh/kg SS for iron electrodes under optimized
conditions [30]. This information is crucial for understanding the operational costs and energy efficiency
of electrocoagulation as a drinking water treatment method.

4. Conclusion

The reactor established within the scope of the present study was operated as a batch. Samples
were taken from 10 different sampling points and only 4 points (Ugurlu, Dorug, Bolatlar and Kisas)
showed nitrate concentrations above the limit values. Therefore, EC studies were carried out using water
samples from only these 4 sampling points. The study was carried out using SS electrodes. The SS
values measured at the end of the EC process were < 0.4. In other words, the SS value passing into the
water is very low and has no adverse effect on human health. In the pre-irrigation period, nitrate removal
efficiencies for Ugurlu, Dorug, Bolatlar and Kisas were 95.27%, 83.79%, 86.23%, 87.44%, respectively.
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In the post-irrigation period, nitrate removal efficiencies for Ugurlu, Dorug, Bolatlar and Kisas were
94.25%, 82.79%, 89.27%, 84.17%, respectively. According to the results, energy consumption increased
as conductivity decreased. In this study, a cost of $1.06 per m® was calculated for SS electrode nitrate
removal using current electricity costs for groundwater at 4 points taken from Harran Plain. It was
observed that the SS-SS electrode combination used in the studies provided a good efficiency. The
system can be developed and designed on a pilot scale in accordance with the needs of the region and
on-site treatment can be carried out. It is thought that this method can also be applied to regions with
the same characteristics as the arid/semi-arid study region. The laboratory-scale removal process that
has been designed and implemented has created the foundation for future pilot-scale applications and
portable EC system applications.
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Abstract: The design and performance analysis of relay lenses that provide high-performance image
transmission for target acquisition and tracking in military optical systems. Relay lenses are critical
components for clear and lossless image transmission over long distances. In this study, the optical
performance of a relay lens system designed and optimized using ZEMAX software is investigated in
detail. The analysis focuses on important optical properties such as modulation transfer function (MTF),
spot diagrams, Seidel diagram, field curvature and distortion. The results show that the lens has
significant potential in military applications for target detection and tracking with high resolution and
low aberration.
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1. Introduction

Military optical systems provide high-performance and reliable monitoring for target
identification and tracking in critical missions. These systems have become indispensable in modern
warfare, where the ability to process and analyze real-time visual data can determine the success or
failure of operations. By combining advanced optical technologies with robust design methodologies,
military systems aim to deliver precise and effective solutions for a variety of applications. In this
context, optical components must ensure exceptional image clarity, resolution, and durability to
withstand challenging operational environments. Electro-optical systems, which have critical features
such as simultaneous image transmission, stand out in military fields by allowing intelligence,
reconnaissance, surveillance, and targeting. These systems empower military personnel to detect,
identify, and track targets across long distances, often in complex and dynamic scenarios. Moreover,
many modern armies around the world are investing in Augmented Reality (AR) and Virtual Reality
(VR) tools to elevate their systems, gain superiority over opposing forces, and prevent losses on the
battlefield [1]. In these systems, relay lenses are essential components for transmitting images clearly
and without loss over long distances. These lenses ensure the integrity and fidelity of transmitted images,
a requirement that is particularly vital in time-sensitive and mission-critical operations. The proper use
of relay lenses in technologies such as thermal cameras is of great importance for military security [2].
Thermal imaging systems, for instance, rely heavily on relay lenses to maintain image quality, enabling
operators to detect threats even in low-visibility conditions. In systems like laser rangefinders (LRF)
and laser target designators (LTD), the use of relay lenses is critical for directing laser beams accurately
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toward the target and ensuring precise focusing. These systems demand optical precision to achieve
accurate target engagement, particularly in environments where atmospheric conditions and distance
pose significant challenges. Laser weapons can be either ground-based or space-based. Ground-based
laser weapons use multiple relay mirrors in space to intercept a theater ballistic missile. The relay
mirror(s) is alens or group of lenses that transmits a finite object to a distant location with a magnification
of unity or bigger values. Also they are used to extend the range of high-energy laser weapons as they
compensate the limiting factors due to atmospheric absorption, turbulence and the curvature of the Earth
[3]. It is a lens or group of lenses that transmits a finite object to a distant location with a magnification
of unity or another value [4-5]. They are used in rifle sights, military infrared imaging systems. The use
of relay lenses is quite wide as rifle sights, military imaging systems, biomedical applications [6-9] and
image applications [10]. This versatility highlights the importance of designing relay lenses that can
meet diverse and demanding operational requirements. In this study, a relay lens was designed and
optimized in ZEMAX environment for use in rifle sights. By addressing key performance parameters
such as resolution, field curvature, and distortion, this work aims to contribute to the development of
high-performance optical solutions tailored for military applications.

This study follows a systematic framework to examine various aspects of the research. In chapter
2: Materials and Methods details the methodologies and processes used in the lens design process at
ZEMAX. In chapter 3: Optical Design and Analysis focuses on the design of the lens and their analysis
in the design process. In chapter 4: Optimization and Material Selection deals with the refinement of the
parameters and criteria for selecting suitable materials. In chapter 5: Figures and Analysis presents the
visualization of the obtained data and the related analysis. In chapter 6: Conclusions highlights the main
findings of the study. Finally, in chapter 7: Recommendations provides suggestions for future work.

2. Material and Method

ZEMAX is a program that can assist in the modeling, analysis and design of optical systems. The
interface to ZEMAX is designed to be easy to use and with a little practice can allow very fast interactive
design [11]. During the design process, the determination of the optical parameters, the analysis and the
evaluation of the system performance were carried out by means of this software. Hammer and Global
optimization methods are used in ZEMAX software to reduce aberration. These methods are very similar
and share the same functional basis [12]. During the design process, optimization was performed using
the Hammer optimization algorithm in order to minimize the aberrations in the optical system.

Relay lenses are an important group of lenses used to transfer lossless and clearly from a certain
distance to another optical plane. These objects usually consist of two or more lens elements. Before
starting the relay lens design, basic parameters such as focal length (EFFL) and total length (TOTR) and
aperture diameter were determined considering the application where the system will be used. The
performance of the design was evaluated by metrics such as modulation transfer function (MTF), spot
diagram and distortion analysis. Hammer optimization was applied to improve this performance. The
aim was to minimize aberrations and improve image quality. Different material combinations were tried
to reduce optical aberrations.

3. Experimental Study

This study focuses on the design and optimization of a relay lens in a ZEMAX environment
specifically designed for military applications. Lens system parameters including effective focal length
(EFFL), total optical path length (TOTR), aperture, and field of view (FOV) in a ZEMAX environment
were determined and analyzed to meet specific system requirements.
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3.1. Optical Design and Analysis

In this study, the relay lens designed in ZEMAX environment is optimized for military
applications. During the design process, the optical parameters of the lens were carefully determined
and analyzed. The requirements of the system were analyzed and parameters such as focal length
(EFFL), total optical path (TOTR), aperture and field of view (FOV) were determined. It was aimed to
be suitable for use on the weapon and to have a compact structure. Designed in the ZEMAX
environment, the relay lens is optimized for military applications. During the design process, the optical
parameters of the lens were carefully determined and analyzed. By analyzing the system requirements,
parameters such as focal length (EFFL), total optical path (TOTR), aperture and field of view (FOV)
were determined. It was aimed to be suitable for use on weapons and to have a compact structure. The
EFFL value is approximately 9.5 mm. A short focal length provides a wider field of view. A focal length
of 9.5 mm covers a wide area at close range for a compact system. A TOTR value of 20 mm provides a
compact design that meets the requirements of portability and lightness. A 3 mm aperture provides
sufficient light collection, but a wider aperture may be required in low light conditions. The results
obtained in this process determined the focusing ability, image quality and other optical characteristics
of the lens. The relay lens obtained in ZEMAX environment is designed to be used in this field. The
performance of the optical system is determined by the spot diagram, field curve/distortion diagram and
modulation transfer function (MTF)[13]. In this study, the analysis results of the designed lens such as
MTF, PSF, Spot Diagram, Image Simulation, Seidel Diagram, Field curvature and distortion are
obtained and the Shaded model is presented. MTF evaluation of image displays is often needed to
evaluate objective image quality, especially in the application of image quality measurements.

3.2. Optimization and Material Selection

After the lens assembly of the design was completed, different materials were tested for the lenses.
The materials were optimized with the help of Hammer optimization to achieve the best image quality
and low aberrations. The materials that achieved high image quality, low distortion and eliminated
optical aberrations were determined. These optical aberrations are astigmatism, spherical aberrations
and comas. The goal of the design is to achieve the best image quality. Hammer analysis aims to find
the global minimum of the design. For this reason, materials suitable for the substituted surfaces were
obtained as a result of optimization by using the “Materials Catalog” during Hammer analysis.

MATERIALS
LAKS
LAKI11
KZFS6
BAF51
F7
KZFS1
N-SK2HT
K5G20
SK14
LAKLI12

Figure 1. Materials obtained as a result of Hammer optimization algorithm analysis
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4. Design of Relay Lens

In this section, we present a detailed analysis of the optical design and its performance metrics to
evaluate its suitability for high-performance image transfer in military optical systems, specifically
targeting detection and tracking applications. The analyses provide a comprehensive understanding of
the system’s imaging quality, aberration control, and overall performance across critical parameters.
The evaluation begins with the Modulation Transfer Function (MTF), a crucial metric that illustrates the
spatial frequency response and resolution capability of the optical system. Subsequently, the Point
Spread Function (PSF) is analyzed to assess the system's energy distribution and imaging fidelity. To
further complement these metrics, the Spot Diagram offers insight into the system's aberration
characteristics at various field positions. The Seidel Diagram is used to dissect the contributions of
primary aberrations, enabling an understanding of the root causes of optical imperfections. Moreover,
the Field Curvature and Distortion analysis is undertaken to assess the system’s ability to maintain a flat
image plane and minimize geometric distortions. Advanced image evaluation is performed through
Extended Diffraction Image Analysis, Geometric Image Analysis, and Demo Image Analysis, which
collectively provide both diffraction-limited and ray-based perspectives of imaging performance. The
Merit Function optimization results are included to highlight the design's adherence to performance
goals, while the Optical Path Difference (OPD) Fan Analysis offers a quantitative assessment of
wavefront errors across the aperture.

By combining these analyses, we provide a holistic evaluation of the designed optical system,
ensuring its robustness and efficiency for demanding military applications. The results highlight the
design's capability to deliver precise, high-quality imagery for critical target detection and tracking
scenarios.

110 mm

Figure 2. Shaded Model

As a result, Figure 2 provides a detailed visualization of the structural design and shows the
arrangement and interaction of optical components within the system.

This model shows the ray tracing simulation of the relay lens system designed in the ZEMAX
environment. The shaded model in the figure presents the system's performance in focusing beams of
different colors. The uniform focusing of the beams and the minimization of aberrations demonstrate
the success of the optimization techniques applied during the design process.
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4.1. Modulation Transfer Function

The analysis result in Figure 3 shows the modulation transfer function (MTF) of the lens versus
spatial frequencies. Diffraction-limited resolution in the MTF plot has been a fundamental method for
determining optical resolution [14]. MTF represents the transmitted contrast. The MTF plot shows how
sharply the system transmits structures at spatial frequencies above the Nyquist frequency [15]. Accurate
optical resolution is indispensable to ensure that instrumentation and analytical techniques give the
required image quality [14]. According to the obtained MTF plot, the MTF values of the lens in the
range of 0-150 cycles\mm are quite high (around 0.45). This shows that at low and medium frequencies
the optical system achieves high contrast and clear images. Low frequencies usually represent large and
distinct details. After 350 cycles\mm, the MTF starts to go completely to zero and at this point contrast
transmission is very difficult. However, this drop in high frequencies is always to be expected.

1,0

0,8

0,6

0,4

Modulus of the OTF

0,2

0 35,0 70,0 1050 140,0 1750 210,0 2450 280,0 3150  350,0
Spatial Frequency in cycles per mm

Figure 3. Modulation Transfer Function

As a result, Figure 3 showing the MTF plot, demonstrates the ability of the lens to effectively resolve
spatial frequencies and provides a quantitative assessment of imaging performance and contrast
accuracy across the field of view.

4.2. Point Spread Function

Point spread function (PSF) analysis shows where the point sources of the optical system are
shifted. The contrast detection limit within a PSF is determined by the photon noise and speckle noise
in the image [16]. Figure 4 shows the PSF analysis result of the lens system. According to the analysis
result of the obtained design, it is revealed that the lens is focused with minimal propagation of point
shifts and provides high resolution. This is shown by the fact that the relative irradiance value reaches 1
in the curve.

1,0

0,6

0,4

Relative Irradiance

-62,6 -50,1 -37,6 -25,1 -12,5 0 12,5 25,1 37,6 50,1 62,6
X-Position in um

Figure 4. Point Spread Function

As aresult, Figure 4 shows the response of an optical system to a point source and shows how a single
point of light spreads across the image plane.
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4.3. Spot Diagram

The spot diagram shows the focusing ability of the optical system and the aberrations in the image.
Figure 5 shows the spot diagrams of the lens system. It has a high focusing ability in the 0.00 (deg), 0.60
(deg) and 1.20 (deg) areas. It indicates the angular areas that the optical system can image. The IMA
value indicates the distance of the imaging area at these angles to the point formed on the image plane
of the optical system. The results obtained show that the lens successfully focuses the rays coming from
different angles to the points specified in the design phase and provides high accuracy with low deviation
values. In addition, the small RMS and GEO radius values obtained in the analysis and shown in the
graph mean that the optical system works with very good focusing and low aberration. As a result, the
RMS radius of the three fields of view is quite smaller than the airy disk radius. This shows that the
effect of improving the aberrations is significant.

OBJ: 0,0000 (deg) OBJ: 0,6000 (deg)
IS)
S
) ‘ e
=
IMA: 0,000 mm IMA: 0,187 mm

OBJ: 1,2000 (deg)

IMA: 0,373 mm

Figure 5. Spot Diagram.

As aresult, Figure 5 represents the distribution of light from a point source as it passes through an optical
system and shows the size and location of diffraction-limited spots at various points along the image
plane.

4.4. Seidel Diagram

Seidel diagram is a diagram that shows the optical aberrations in the designed lenses according
to their individual surfaces. According to the diagram obtained in Figure 6, optical aberrations are shown
according to individual surfaces. As a result of the optimizations made in the SUM section at the end of
the diagram, the optical aberrations transferred from the first surfaces were minimized.

1 z 3 e 5 [ 7 8 sTO 10 11 1z 13 14 15 16 17 suM

] I
Spherical Coma AsTigmatism Fiald Curvatura DistorTion Axial Color Lateral Color

[ seidel Diagram

Figure 6. Seidel diagram.

The Seidel diagram in Figure 6 visualizes the primary aberrations (spherical, coma, astigmatism, field
curvature and distortion) of an optical system.
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4.5. Field Curvature and Distortion

The analysis of field curvature and distortion, presented in Fig. 7, demonstrates the deformation
within the design. Significant field curvature and distortion can lead to poor image quality and positional
errors for moving targets, while also negatively affecting the seamless mosaicking of component images
[17]. The design analyses following the optimizations demonstrate that the relay lens delivers high
performance in military optical systems. The maximum distortion was found to be 0.0118%, a notably
low value that indicates the design achieves exceptionally high resolution with remarkably low
distortion.

1,2 1,2
1,0 1,0
|f
|
>
+ /
/
0 0
-20,0 0 20,0 -0,020 0 0,020
um Percent

Figure 7. Field Curvature and Distortion.

Field curvature describes the change in focus along the image plane where a flat object appears curved
in the image. Distortion refers to the change in shape of an image, often causing straight lines to appear
curved.

The Seidel diagram analysis indicates that aberrations in the optical system have been minimized.
The PSF cross-sectional image demonstrates the system's high focal point accuracy. The MTF analysis
reveals that the system performs well over a wide frequency range, achieving significant modulation
transfer values. Furthermore, the spot diagram confirms the optical system's focusing precision and
image quality.

4.6. Image Analyses

These analyses are commonly used to identify, measure, and interpret objects, features, patterns,
and structures within an image. Fig. 8 presents the extended diffraction image analysis graph, which
illustrates how the optical system processes an image through diffraction. In the image, a large "F"
character is represented by varying intensity levels, reflecting the frequency and sharpness of the lens
system. The details of the character are clearly visible. Diffraction-induced spreading may cause slight
blurring at the edges of the image. However, the edges of the character remain clearly visible, which
indicates that the diffraction effect is minimal and the details are well-preserved. The color scale on the
graph represents the normalized values of light intensity and contrast (0.0-1.0). Along the edges of the
character, the intensity ranges between 0.6 and 1.0, indicating high contrast transfer. This demonstrates
that the system provides clear imaging, particularly at low and medium spatial frequencies. The
simulation was scaled to produce an image with a resolution of 4096 x 4096 pixels, enabling a high-
resolution assessment. Diffraction-induced spreading may cause slight blurring at the edges of the
image. However, the edges of the character remain clearly visible, indicating that the impact of
diffraction is reduced. In the geometric image analysis presented in Fig. 9, it is shown how the optical
system is geometrically imaged and that the system is not affected by geometric distortions. The
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efficiency value of 100.00% observed in the figure indicates that the system utilizes energy very
efficiently, with all energy contributing to the image formation process.

1,0000
0,9000
0,8000
0,7000
0,6000
0,5000
0,4000
0,3000
0,2000
0,1000
0,0000

Figure 8. Diffraction Image Analysis

Figure 8 depicts the diffraction-limited performance of the lens system, highlighting its ability to
produce high-quality and sharp images.

F

Figure 9. Geometric Image Analysis.

This analysis examines how well the system preserves the geometry of objects, including measurement
of distortions, field curvature, and other geometric deviations.

a) Before Optimization b) After Optimization

Figure 9. Demo Image Analysis Before and After Optimization

Demo Image Analysis demonstrates the performance of the optical system through real-world imaging.
The demo image analysis shown in Figure 10 is a basic reference for evaluating the performance of the
design. By analyzing the clarity of details, sharpness, distortion and deviations in the image, it is
understood whether the design meets the targeted criteria.
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4.7. Merit Function

The merit function is a numerical parameter used to evaluate the conformity of an optical system
to specific performance criteria. It serves as an error metric, indicating how closely the design aligns
with the desired optical performance. Typically, it is employed to minimize deviations from target
values. As the merit function value approaches zero, the design becomes more ideal and better aligned
with the specified parameters.

The merit function value for our design is shown to be 0.0144008. This value demonstrates that
the design is very close to meeting the targeted performance criteria and that design errors have been
minimized. A low merit function value indicates that the optical system possesses high resolution and
achieves the desired optical quality. This result highlights the design's success in terms of optical
performance and confirms that it has been optimized to meet the targeted imaging specifications.

Merit function combines various criteria such as deviations and image quality into a single value
that guides the optimization process to achieve the best possible design.

4.8. Optical Path Difference

The Optical Path Difference (OPD) Fan plot is used to measure and quantify deviations of light
waves from the ideal wavefront in the optical system. In an ideal scenario, a wavefront is a surface where
light waves are in phase, meaning their optical paths are identical. In practice, however, this ideality is
unattainable due to inherent material properties and design limitations, which result in deviations from
the ideal wavefront. Fig. 12 presents the OPD Fan plot for our optical system. The analysis shows that
the OPD deviations are confined within +0.1 waves, highlighting the system's superior optical
performance with minimal deviations. For an aberration-free system, the aberration curve should be a
straight line coinciding with the x-axis [18]. The OPD Fan plot of our design indicates that the P, and
P, curves exhibit a generally flat and consistent profile, demonstrating that the aberrations and field
curvature are well corrected and maintained at minimal levels. Moreover, the consistent OPD profiles
across varying field angles (0°, 0.6°, 1.2°) underscore the system's ability to deliver robust performance
over a wide field of view.

Figure 12. Optical Path Difference Fan Analysis.

Figure 12 evaluates the performance of the system in terms of deviations and determining the
changes in optical path lengths and phase differences throughout the optical system.
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5. Results and Discussions

As a result, the analyses performed show that the designed optical system meets the targeted
performance criteria and the design is successfully optimized. According to the MTF analysis, sufficient
contrast transfer is provided, and the PSF analysis confirms that the lens focuses the point shifts with
minimal spread, achieving high resolution. In addition, the spot diagram shows that the lens focuses the
rays coming from different angles to the points specified in the design phase with low deviation values
and provides high accuracy. The Seidel diagram shows that the optical defects on the lens surfaces are
minimized.

The maximum distortion value remains at a low level of 0.0118%, confirming that the design
achieves high resolution and low distortion. The Extended Diffraction Image Analysis results show that
the system preserves high-resolution details and that the diffraction effect is at a minimum level. The
geometric image analysis reveals that the optical system operates with high efficiency and without
geometric distortions. The effective focal length (EFFL) value of the system in the design is
approximately 9.5 mm. In optical systems, the EFFL value directly affects the imaging of the system
and the distance between the target and the sight. The effective focal length of 9.5 mm is especially
suitable for compact and lightweight optical systems. In portable systems such as rifle sights, this focal
length provides a wide personal field of view. This wide field of view offers advantages in terms of
rapid target acquisition and aiming. Another parameter in the design is the total optical path (TOTR).
The TOTR value of our system is approximately 20 mm. The TOTR value determines the overall
dimensions and portability of the optical system. The total length of 20 mm maintains the compactness
of this design. Especially in military applications, the lightness and ease of use of the sight are essential.
This design meets these features. The aperture value allows the system to collect light and, therefore,
affects the image brightness. While the aperture is 3 mm in size, it provides sufficient light collection
ability, and at the same time, the system has a positive effect on the depth of field. This provides sharp
focus on the target, especially at different distances, which is a critical feature for rifle sights. The high
values obtained in the MTF analysis reveal that the design can provide the contrast required for sighting
applications. This helps to accurately detect the target by providing clear and sharp images. The low
merit function value confirms that the optical system has high resolution and provides the desired optical
quality. All these findings emphasize that the designed optical system can be used as a high-performance
relay lens for applications such as target acquisition and tracking in military optical systems. According
to the optical path difference analysis, the system showed good optical performance with minimal
aberrations. The consistent profiles of the OPD values showed that the system has robust performance
across a wide field of view.

6. Recommendations

These design parameters and analysis results demonstrate that the system is suitable for weapon-
mounted sights requiring precise aiming at short distances. For applications involving longer distances,
the focal length would need to be increased. To enhance performance under low-light conditions, the
aperture size should be optimized accordingly. While implementing these solutions, the results of the
MTF analysis must confirm the adequacy of the design in terms of contrast and resolution. This
requirement should also be validated by other analyses.
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Abstract: Alzheimer’s disease (AD) is the most prevalent form of dementia, significantly impairing
cognitive abilities such as memory and judgment. The number of dementia cases is expected to rise
dramatically in the coming decades, with Alzheimer's disease accounting for 60-80% of these cases.
Early detection is crucial for improving patient outcomes, yet diagnosing Alzheimer’s at its early stages
remains challenging due to various clinical and perceptual obstacles. This study addresses whether
Alzheimer’s can be detected in advance and the methods that can be used for early diagnosis. Using an
Alzheimer's disease dataset sourced from Kaggle including 2,150 samples with 32 independent and 1
dependent variables, various classification algorithms were applied to assess performance. Feature
selection techniques, including both classical and metaheuristic methods (Genetic Algorithm and
Particle Swarm Optimization), were then applied to the dataset. These methods helped reduce the
dataset's dimensionality while maintaining high diagnostic performance. The results showed that both
metaheuristic algorithms selected 14 variables, producing the same high performance rate of 95.57%
compared to the initial 32 variables. The findings suggest that Alzheimer's disease can be detected more
efficiently with fewer variables, reducing analysis time and increasing diagnostic speed. Metaheuristic
algorithms, particularly Particle Swarm Optimization, proved to be the most effective, enhancing the
performance of 33 classifiers, while the Genetic Algorithm improved the performance of 28 classifiers.
This study demonstrates that Alzheimer's can be detected with fewer variables, in less time, and with a
higher accuracy rate. As a result, improved patient outcomes through reduced computational
complexity and enhanced diagnostic efficiency can potentially be achieved.

Keywords: Alzheimer's Disease; Classification, Feature Selection, Genetic Algorithm, Particle Swarm
Optimization
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1. Introduction

Dementia is a general medical term for a decline in cognitive function severe enough to interfere
with daily activities. Alzheimer's disease (AD) is the most common form of dementia, which occurs at
least two-thirds of dementia cases that are aged 65 and over [1]. A neurodegenerative condition,
Memory, comprehension, language, attention, thinking, and judgment are among the behavioral and
cognitive skills that are gradually compromised by Alzheimer's disease [1].

The World Health Organization (WHO) projects that the number of people with dementia, which
is already over 55 million, will increase to 75 million by 2030 and 132 million by 2050[2]. According
to studies, 60—80% of dementia cases are attributable to Alzheimer's disease, and a new case is diagnosed
every three seconds. In Turkey, 5.5% of people 65 and older have Alzheimer's disease, according to the
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2022 Turkey Health Survey Report released by the Turkish Statistical Institute (TUIK). This emphasizes
how urgently Turkey, like the rest of the world, must implement effective measures to battle Alzheimer's
disease [2].

Clinicians have now been urged to detect Alzheimer's sooner before individuals have developed
dementia from the condition. The ability of clinicians to accurately and early detect the underlying
pathology and symptoms of Alzheimer's disease is critical to the screening, diagnosis, and treatment of
such individuals. Additionally, it helps patients, and their caregivers create future plans and modify their
lifestyles in ways that may help them live longer and maintain a higher quality of life. Unfortunately,
several challenges can make it challenging to detect early-stage Alzheimer's disease in clinical practice.
These include clinicians' time constraints, the challenge of accurately diagnosing Alzheimer's pathology,
and patients' and healthcare professionals' propensity to dismiss symptoms as a normal aspect of aging.
[3].

This situation prompts two essential questions:

1. Is it possible to reveal the presence or onset of Alzheimer's disease before symptoms appear?
2. If early detection is feasible, what methods or techniques can be employed to identify the
disease?

Motivated by these research questions, this study aims to address them by utilizing a previously
measured dataset, applying classification algorithms, and implementing feature selection techniques
through classical and metaheuristic methods. The main goal is to facilitate the early diagnosis of the
disease and enable the immediate initiation of treatment methods.

In this context, various classification algorithms were applied to a pre-measured dataset, and their
performance was evaluated. Subsequently, feature selection was performed on the same dataset using
classical and metaheuristic algorithms, specifically genetic algorithm and particle swarm optimization.
These algorithms are selected as ideal ones for effectively reducing the dimensionality of medical
datasets and eliminating overfitting and computational inefficiency [4]. By optimizing the selection of
the most informative variables through these algorithms, the most critical predictors of Alzheimer's
disease can be utilized for an accurate and efficient medical diagnosis. Based on the results of each
algorithm, datasets tailored to the selected variables were created, and classification algorithms were
applied to these datasets again. The performance results obtained were then compared with the initial
ones. As a result of the comparison, the classifier and feature selection method that yielded the highest
performance were identified. The study concluded that the disease identification process could achieve
higher performance with fewer variables than those initially examined in the dataset.

This study provides both theoretical and practical contributions to Alzheimer’s disease.
Theoretically, it highlights the effectiveness of combining feature selection with machine learning
techniques, demonstrating that fewer but more relevant features can significantly improve classification
performance. Practically, the research shows that using metaheuristic algorithms like genetic algorithms
and particle swarm optimization for feature selection can enhance diagnostic efficiency, reducing
computational complexity while maintaining high accuracy. These findings offer valuable insights for
developing more efficient early and cost-effective Alzheimer’s disease in clinical settings. The
diagnostic process for this critical disease can possibly be streamlined through faster and more reliable
predictions as a result.

The study is organized into several key sections, each addressing a specific aspect of the research
process. It begins with a Literature Review, where previous studies and relevant research are examined
to provide context and highlight existing gaps in the field. This is followed by the Methods and Materials
section, which outlines the research design, data collection techniques, and tools used in the analysis. In
the Results section, the findings of the study are presented, including any statistical analyses or
observations made during the investigation. Finally, the study concludes with a Conclusion section,
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summarizing the key insights, discussing the implications of the findings, and suggesting areas for future
research.

2. Literature Review

Within the scope of the literature review, notable studies using feature selection for the detection
of Alzheimer's disease between 2014 and 2024 are presented. This study outlines the methods utilized
and provides an overview of various studies conducted between 2014 and 2024 that demonstrate the
applications of these methods.

Anirudha et al. (2014) present a Genetic Algorithm-based Wrapper feature selection Hybrid
Prediction Model (GWHPM) for disease prediction, utilizing k-means clustering to remove outliers and
a genetic algorithm for optimal feature selection. These features are then used to build classifier models
including Decision Tree, Naive Bayes, k-nearest neighbor, and Support Vector Machine, with
comparative results showing that the proposed GWHPM outperforms existing methods. Mirzaei et al.
(2018) aim to develop a non-invasive method for early detection of Alzheimer’s disease using voice
analysis techniques combined with machine learning algorithms. Neelaveni et al. (2020) apply machine
learning algorithms using psychological parameters, including age, number of visits, MMSE scores, and
education level, to predict Alzheimer’s disease, highlighting the importance of early prediction in
mitigating disease progression, despite AD typically being diagnosed in later stages. Saputra et al.
(2020) classify Alzheimer’s disease using different decision tree algorithms with feature selection
through the Particle Swarm Optimization (PSO) algorithm, achieving a 93.56% accuracy after applying
PSO-based feature selection to the OASIS 2 dataset. Ramaswamy et al. (2021) identify genes
contributing to Alzheimer’s disease using gene expression data from the human brain in AD patients
and older control subjects, applying a two-step gene selection method that combines statistical
techniques and heuristic optimization, with classifiers achieving 100% accuracy on the GSE5281 test
dataset. Divya et al. (2021) investigate the classification of Alzheimer’s disease, mild cognitive
impairment (MCI), and normal control (NC) using MRI images from the ADNI dataset, finding that
dimensionality reduction improves classification performance, especially with limited high-dimensional
data, and achieving accuracy rates of 96.82%, 89.39%, and 90.40% for NC/AD, NC/MCI, and MCI/AD
classifications, respectively. Buyrukoglu (2021) develops a model for early Alzheimer’s disease
diagnosis using ensemble feature selection methods, with Random Forest achieving the highest
performance at 91% across three target classes: Normal (CN), MCI, and AD. Noroozi et al. (2023)
analyze feature selection techniques for heart disease prediction using the Cleveland Heart Disease
dataset, showing that feature selection enhances some algorithms (e.g., J48) but diminishes others (e.g.,
MLP, RF), with the SVM-based filtering method achieving the highest accuracy at 85.5%. Hassouneh
et al. (2024) investigate the significance of fused texture features derived from 3D MRI and PET images
for the early detection of Alzheimer’s disease, finding that GLCM texture features from the
hippocampus and entorhinal cortex outperform volume and SUVR features, achieving 90% sensitivity
in identifying MCI converters with minimal false positives, and highlighting the role of various feature
types in improving classification accuracy for early AD diagnosis.

3. Materials and Methods

3.1. Materials

This study examines an anonymous Alzheimer's disease dataset sourced from the Kaggle
platform, which contains high-quality data [13]. The dataset used consists of 33 variables (32
independent and 1 dependent) and 2,150 samples. The independent variables include: “Age, Gender,
Ethnicity, Education Level (EL), BMI, Smoking, Alcohol Consumption (AC), Physical Activity (PA),
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Diet Quality (DQ), Sleep Quality (SQ), Family History Alzheimers (FHA), Cardiovascular Disease
(CD), Diabetes, Depression, Head Injury (HI), Hypertension (HT), SystolicBP (SBP),
DiastolicBP(DBP), Cholesterol Total (CT), Cholesterol LDL (LDL), Cholesterol HDL (HDL),
Cholesterol Triglycerides (TG), MMSE, Functional Assessment (FA), Memory Complaints (MC),
Behavioral Problems (BP), ADL, Confusion (CO), Disorientation (DO), Personality Changes (PC),
Difficulty Completing Tasks (DCT), Forgetfulness (FF)”, while the dependent variable is “Diagnosis.”
To ensure accurate measurements and proper numerical interpretation by the algorithms, the values of
certain variables, initially presented in numerical categories, were modified following the guidelines
provided on the dataset's hosting platform. Specifically: For Gender, values were encoded as 0 for Male
and 1 for Female. For Ethnicity, values were encoded as 0 for Caucasian, 1 for African American, 2 for
Asian, and 3 for Other. For Education Level, values were encoded as 0 for None, 1 for High School, 2
for Bachelor’s, and 3 for Higher. Other categorical variables with binary values were encoded as 0 for
No and 1 for Yes. A part of the dataset is presented in Table 1 as an example. While analyzing the model,
the data was separated into test (30%) and training (70%). This separation was performed randomly to
ensure that both sets of evolutions represented the general distribution.

Table 1. Dataset Sample [13]

Age Gender Ethnicity EL BMI Smoking AC PA DQ SQ FH

73 0 0 2 22928 0 13,297 6,327 1,347 9,026 O

89 0 0 0 26828 0 4,543 7,620 0,519 7,151 0

73 0 3 1 17,796 0 19,555 7,845 1,826 9,674 1

74 1 0 1 33,801 1 12,209 8,428 7,436 8,393 0

89 0 0 0 20,717 0 18,454 6,310 0,795 5,597 0

86 1 2 1 30,627 0 4,140 0,211 1,585 7,262 0

68 0 3 2 38388 1 0,646 9,258 5,897 5478 0

75 0 0 1 18,776 0 13,724 4,649 8,342 4213 0

72 1 1 0 27,833 0 12,168 1,531 6,737 5,748 0

87 0 0 0 35456 1 16,029 6,441 8,086 7,552 0

CD Diabetes Depression HI HT SBP DBP CT LDL HDL TG

0 1 1 0 0 142 72 242,367 56,151 33,683 162,189
0 0 0 0 0 115 64 231,163 193,408 79,028 294,631
0 0 0 0 0 99 116 284,182 153,323 69,772 83,638
0 0 0 0 0 118 115 159,582 65,367 68,457 277,577
0 0 0 0 0 94 117 237,602 92,870 56,874 291,199
0 1 0 0 0 168 62 280,713 198,335 79,081 263,944
0 0 0 I 0 143 88 263,734 52,471 66,533 216,489
0 0 0 0 0 117 63 151,383 69,624 77,347 210,571
0 0 0 0 1 117 119 233,606 144,046 43,076 151,164
1 0 0 0 0 130 78 281,630 130,498 74,291 144,176
MMSE FA MC BP ADL CO DO PC DCT FF Diagnosis
21,464 6,519 0 0 1,726 0 0 0 1 0 0
20,613 7,119 0 0 2592 0 0 0 0 1 0
7,356 5,895 0 0 7,120 0 1 0 1 0 0
13,991 8,965 0 1 6481 O 0 0 0 0 0
13,518 6,045 0 0 0015 0 0 1 1 0 0
27,518 5,510 0 0 9,016 1 0 0 0 0 0
1,964 6,062 0 0 9236 0 0 0 0 1 0
10,140 3,401 0 0 4517 1 0 0 0 1 1
25,821 7,396 0 1 0756 0 0 1 0 0 0
28,388 1,149 0 1 4554 0 0 0 0 0 0
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3.2. Methods

Classification is known as one of the most widely used data mining methods for predicting group
memberships. Classification techniques work on the basis of assigning data points to predefined classes
or groups. Many classification methods have different strengths depending on the characteristics of the
data set [14]. In addition to basic methods such as decision trees and support vector machines, there are
also classification methods with complex structures such as neural networks. In this study, 45
classification algorithms were used according to the suitability of the selected data set structure and the
diversity of the algorithms allowed for a comparative evaluation of their performances.

BayesNet: The Bayes theorem is the foundation of BayesNet. Thus, a Bayesian network is created by
calculating the conditional probability of each node in BayesNet. A directed acyclic graph is the
Bayesian Network. All attributes are assumed to be nominal in BayesNet, and any missing values are
replaced globally [15].

NaiveBayes: Because of its robustness, elegance, and simplicity, NaiveBayes is frequently employed
for categorization. Navie and Bayes are two ways to describe NavieBayes. When the occurrences are
independent and the Bayes rule is applied, Navie, which stands for independence, is true to multiply
probability. This method assumes that a class's characteristics are independent in practice. When the
data set is real, the NavieBayes perform better [15].

NaiveBayesMultinomialTest: One of the most popular text mining techniques is the Naive Bayes
classifier. Multinomial Naive Bayes, which is essentially an improved version of the original Naive
Bayes classifier, efficiently manipulates the word count by determining the frequency of each word,
whereas in the Naive Bayes classifier, the frequency of the words has little bearing on how the algorithm
operates. It is well recognized that a text's frequency has a greater influence on its classification into
several groups. Therefore, Multinomial Naive Bayes is thought to be the best method for text
categorization [16].

NaiveBayesUpdateable: This is the NaiveBayes version that can be updated. When buildClassifier,
often referred to as incremental update, is invoked with zero training examples, this classifier will utilize
a default precision of 0.1 for numeric attributes [15].

LibSVM: A programming library for SVM is called LibSVM. Researchers utilize it for tasks involving
regression and classification. WEKA, which includes a set of machine learning algorithms for data
mining, also incorporates LibSVM [17]. Legistic: Regarding binary classification A lot of people utilize
logistic regression. A linear and additive summary of a variable's impact on the logged chances of
possessing a characteristic on an event is given by the logistic regression coefficients. In this case, the
result is determined by one or more independent variables. There are two possible outcomes: 1 for true
and O for false. It is employed to shed light on data and explain how one dependent binary variable and
one or more independent variables relate to one another [18].

MultiLayerPerceptron: Neural networks and artificial intelligence are unqualified definitions of
multilayer perceptrons. A feedforward neural network with one or more layers between the input and

output layers is called a multilayer perceptron (MLP) [15].

SGD: An effective technique known as incremental gradient descent is stochastic gradient descent or
SGD. Additionally, it is regarded as a stochastic approximation method that proceeds in this direction
while decreasing exponentially by averaging previous gradients. Consequently, it is an optimization
method with a number of advantages; for instance, it offers both optimal runtime and ideal sample
complexity needs [19].

SGDText: To determine the model parameters that best fit the expected and actual outputs, machine
learning applications frequently employ the optimization process known as stochastic gradient descent.
It's a strong yet imprecise method. This model disregards non-string (text) inputs, which is how it differs
from the conventional SGD classifier [20].
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SimpleLogistic: The goal of the well-liked statistical analysis method SimpleLogistic is to identify the
best linear logistic regression model. With basic regression functions, it is comparable to the LogitBoost
approach. This algorithm, which relies on the logistic function, simulates the outcome's log odds rather
than the actual result. Additionally, SimpleLogistic describes the connection between one or more
independent variables and the category dependent variable [19].

SMO: Sequential Minimal Optimization, or SMO, is an improved technique for SVM training that has
demonstrated strong performance across a variety of issues. However, due to its implementation
challenges and training complexity, SVM's employment was constrained. Because SMO is conceptually
straightforward, simple to implement, and generally faster than SVM, it is thus subtly enhanced [19].
VotedPerception: Voted perceptron methods for analyzing tiny samples and exploiting the most
significant margin of data [15].

IBK: 1BK, or instance-based k-nearest neighbors, is a straightforward technique that expands on the k-
nearest neighbors algorithm by lowering the amount of storage space needed. To effectively categorize
target points (unknown class) based on their distances from reference points that make up a training
sample in which their class is already known, IBK uses similarity computations between instances,
similar to those of KNN [19].

KStar: K-star, sometimes known as K*, is a classifier that is instance-based. A similarity function
determines the class of a test instance based on the training examples that are similar to it. It employs
an entropy-based distance function, which sets it apart from other instance-based learners. Instance-
based learners use a database of previously categorized examples to classify an instance [21].

LWL (Locally Weighted Learning): One of the key algorithms in lazy learning is locally weighted

learning (LWL). When a new instance needs to be processed, a weighted set of training instances linked
to the test instance is determined by calculating the distance between the training and test instances using
a distance function. This weighted set is then used to build a new model to process the new instance. In
conventional weighted learning methods, the Euclidean distance is typically utilized to calculate the
separation between instances [22].

IterativeClassifierOptimizer: Through the use of cross-validation, the ICO method was developed to
maximize the number of iterations in each performance. Numerical, nominal, binary, and empty nominal

characteristics are among the missing, nominal, and binary classes that this algorithm can handle with
ease [23].

AdaBoostM1: Boosting is the process of making any algorithm perform better. Boosting is mostly used
to lessen a poor algorithm's flaws. A powerful classifier is built using this algorithm. It was created to
enhance the performance of crucial activities by combining numerous different algorithms [24].
AttributeSelectedClassifier: Before being sent to a classifier, attribute selection lowers the
dimensionality of the training and test data [25].

Bagging: One of the first and most straightforward integration techniques with the best results was the

Bagging algorithm, which Breiman proposed. The fundamental idea is to employ an original training
set and a weak classification algorithm. Classifiers are trained using the learning method over several
rounds [22].

ClassificationViaRegression: Regression-based classification is taught in this class. One regression

model is constructed for each class value once the classes are binarized [26].

CvParameterSelection: Class for selecting parameters for any classifier using cross-validation [27].
FilteredClassifier: This class is used to run an arbitrary classifier on data that has been filtered
arbitrarily. Similar to the classifier, the filter's structure is only determined by the training data, and it

processes test examples without altering their structure. The instances and/or attributes are resampled
with replacement based on the weights before being provided to the filter or the classifier (as
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appropriate) if there are unequal instance weights or attribute weights and the filter or the classifier
cannot handle them [28].

LogitBoost: A course for carrying out logistic regression with addition. This class can handle multi-
class problems and uses a regression strategy as the basic learner for classification [29].
MultiClassClassifier: A metaclassifier that uses 2-class classifiers to handle multi-class datasets. For

improved accuracy, this classifier can additionally apply output codes that fix errors. Before being sent
to the base classifier, the data will be resampled with replacement based on the weights if the instance
weights are not uniform and the base classifier is unable to handle them [30].

MultiClassClassifierUpdateable: A metaclassifier that uses 2-class classifiers to handle multi-class
datasets. For improved accuracy, this classifier can additionally apply output codes that fix errors [31].

MultiScheme: Class for choosing a classifier from a number of them based on performance on the
training data or cross validation on the training data. Performance is evaluated using mean-squared error
(regression) or percent correct (classification) [32].

RandomCommittee: Using distinct random number seed values, a random committee builds several
base classifiers. The average of the predictions produced by each base classifier is used to determine the

final classification outcome [33].
RandomizableFilteredClassifier: Using data that has been subjected to an arbitrary filter, this technique
applied an arbitrary classifier. Like the classifier, the filter's structure only functioned with the training

data; test instances are processed by the filter without having their structure changed [34].
RandomSubspace: With feature space subsampling, this method aims to give students diversity. The
same training data is used to build each component model, but each one adds diversity to the ensemble
by considering a randomly selected subset of features. Generally speaking, the number of features is set
at the same level for every committee component. An ensemble uses either weight voting or majority
voting to decide on classification [35].

Stacking: Historically, one of the earliest techniques for ensemble learning was stacking. By using a
"meta-learner" (high-level model) that accepts the output values of the base models as inputs, it
integrates multiple base models (lower-level models) constructed using completely distinct classes of
machine learning techniques [36]. Fote: Class for classifier combination. There are various
combinations of categorization probability estimations available [37].
WeightedInstancesHandlerWrapper: The primary benefit of the WIHW model is that training instances
are weighted using a wrapper technique. The WIHW algorithm employs the resampling with weights
technique if the basis classifier is not implementing the core. By default, the training dataset is
transferred to the base classifier, and it has the ability to control instance weights [38].
InputMappedClassifier: A wrapper classifier that resolves conflicting training and test data by creating
a mapping between the structure of the incoming test instances and the training data used to generate
the classifier. Both incoming nominal attribute values that the classifier has never seen before and model
attributes that are absent from the incoming examples are given missing values. It is possible to load an
existing classifier from a file or train a new one [39].

DecisionTable: A significant component of the categorization process is the use of algorithms based on
decision trees. Their primary benefits are that they are typically very quick to compute and do not rely
on assumptions about the distribution of data [40].

JRip: William W. Cohen suggested Repeated Incremental Pruning to Produce Error Reduction
(RIPPER) as an improved version of IREP, and this class implements this propositional rule learner
[41].

OneR: OneR, which stands for "One Rule," is a straightforward but precise classification algorithm that
choose the rule with the lowest overall error as its "one rule" after producing one rule for each predictor
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in the data. We must build a frequency table for every predictor against the target before we can develop
a rule for it [42].

PART: In 1998, Eibe Frank and lan H. Witten developed the partition and regression tree (PART)
decision tree algorithm, which employs incomplete decision trees to extract rules from a dataset [22].
ZeroR: Most classes in training data are predicted by the ZeroR classifier. It forecasts the mode for
nominal class and the mean for numerical values [43].

DecisionStump: One-level decision trees make up a Decision Stump, a type of machine learning model.

That is, it is a decision tree with a single internal node (the root) that is directly linked to the leaves,
which are the terminal nodes. Only one input feature's value is used by a decision stump to produce a
prediction [44].

HoeffdingTree: An method called the Hoeffding Tree is used to create decision trees from data that
increases gradually. The Hoeffding Tree implies that the distribution of data does not change over time
and operates with massive streams of data. The Hoeffding bound, which calculates the number of
samples required to evaluate some valuable information within a required correctness, is the foundation
of the Hoeffding Tree [45].

J48: The decision tree is J48's output. The root, intermediate, and leaf nodes of a tree structure are
comparable to those of a decision tree. Every node in the tree has a decision, and our outcome is the
effect of that decision. A data set's input space is divided into mutually exclusive sections by decision
trees, and each section's data points are described by a label, value, or action. The optimum attribute to
split the training data section tree that reaches a specific node is determined using the splitting criterion
[15].

LMT (Logistic Model Trees): A decision tree induction and logistic regression (LR) model were
combined to create the new supervised learning model known as LMT (logistic model tree), which
combines the two classification algorithms to benefit from both approaches [19].

RandomForest: A collaborative learning system for regression, classification, and other tasks, random
decision forests are run by formatively generating a large number of decision trees during training. For
decision trees that are overly appropriate for their instruction set, random decision forests are suitable.
The stated training error is an unbiased estimator cross-validated error rate, which is one of Random
Forest's key characteristics [18].

RandomTree: A decision tree based on a random subset of qualities is called a random tree. A collection
of nodes and their branches is called a decision tree. A decision tree's node denotes an attribute test, and
each branch shows the result of that test. A decision tree's leaves represent the ultimate choice made
after calculating each attribute as class labels. A classification rule is formed by the route taken from a
root to a leaf [33].

RepTree: A quick decision tree learner is the REP Tree (reduced error pruning tree) algorithm.
Information gain and variance are used to construct a decision/regression tree, which is then pruned
using reduced-error pruning (with back-fitting). For numeric attributes, the method sorts the data only
once. The related instances are divided into pieces in order to handle missing values [46].

One of the most common and significant methods in data preprocessing is feature selection,
which is now an essential part of the machine learning procedure. In statistics and machine learning, it
1s sometimes referred to as variable selection, attribute selection, or variable subset selection. It
involves finding pertinent traits and eliminating data that is superfluous, redundant, or noisy. This
procedure promotes comprehensibility, boosts predictive accuracy, and expedites data mining
techniques [47].

As part of the study, feature selection was performed using three types of algorithms. The first
was the CfsSubsetEval algorithm, while the other two were meta-heuristic algorithms: the Genetic
Algorithm and the Particle Swarm Optimization Algorithm.
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CfsSubsetEval: 1t assesses the value of a subset of features by taking into account each feature's
predictive power on its own as well as the level of overlap between them [48]. Genetic Algorithms:
Natural selection is the focus of optimization techniques known as genetic algorithms. GAs were first
proposed by John Holland, who used them to explain how natural systems adapt and to create new
artificial structures based on the same ideas. This starts with artificial individuals (represented by a
"chromosome" population) and mimics the process of natural selection. GA uses genetic operators
(e.g., crossover and mutation) to try to enhance the fitters. Furthermore, it aims to develop
chromosomes that are stronger than those of their parents in a specific quantitative metric. As a result,
GA has been a popular method for data mining feature selection in recent years [49]. Particle Swarm
Optimization: Kennedy and Eberhart introduced PSO, an evolutionary computation method, in 1995.
Fish schools and flocks of birds are examples of social behaviors that drive PSO. The fundamental idea
behind PSO is that social contact maximizes knowledge in a population where social and personal
thinking coexist. The foundation of PSO is the idea that every solution can be thought of as a particle
in a swarm. [50]

The workflow of the study, based on the provided information, is shown in Figure 1.
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Figure 1. Workflow of the Study

4. Findings and Discussion

As the first step, selected classification algorithms were applied to the dataset, and their
performance was evaluated with Weka Software. Subsequently, feature selection was performed on the
dataset using CfsSubsetEval, to identify variables that significantly influence the disease. Using the
CfsSubsetEval algorithm, 6 out of 32 independent variables were selected. These variables are "Family
History Alzheimer’s, Hypertension, Functional Assessment, Memory Complaints, Behavioral
Problems, ADL." A new dataset was created with 6 independent variables and 1 dependent variable,
and classification algorithms were run again. The performance results were compared to the previous
(before feature selection) results. According to the performance results obtained, it was found that the
CfsSubsetEval feature selection algorithm did not contribute to performance improvement. Results are
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provided in Table 2. The models performed consistently across training and test sets during the
experiments, indicating no significant overfitting was observed.

Table 2. Comparative Results for Feature Selection

Before Feature After Feature Before Feature After Feature
Selection Selection Selection Selection
Classifier Classifier
Performance Performance Performance Performance
(%) (%) (%) (%)
BayesNet 93.39 84.03 MultiClass Classifier 83.71 81.10
. MultiClass Classifier
NaiveBayes 84.83 80.40 Updateable 83.38 80.87
Naive Bayes 64.63 64.63 MultiScheme 64.63 64.63
Multinominal Text
NaiveBayes 84.83 80.40 Random Committee ~ 92.41 82.41
Updateable
. Randomizable
LibSVM 64.63 85.38 Filtered Classifier 56.95 77.85
Logistic 83.71 81.10 Random SubSpace  88.27 78.82
Multilayer 82.41 86.41 Stacking 64.63 64.63
Perceptron
SGD 83.38 80.87 Vote 64.63 64.63
SGD Text 64.63 64.63 Weighted Instances ¢, 4 64.63
Handler Wrapper
. . InputMapped
Simple Logistic 84.13 81.01 Classifier 64.63 64.63
SMO 83.62 81.52 DecisionTable 95.57 87.85
Voted Perceptron 64.63 77.10 JRip 94.74 86.87
1Bk 65.28 79.71 OneR 65.33 65.33
KStar 68.86 83.01 PART 90.27 86.73
LWL 69.61 80.40 ZeroR 64.63 64.63
lterative Classifier g, 5, 86.87 DecisionStump 69.84 69.84
Optimizer
AdaBoostM1 93.90 85.01 HoeffdingTree 84.83 80.40
Attribute Selected g3 o5 86.92 148 94.88 86.92
Classifier
Bagging 95.16 86.45 LMT 93.67 86.78
Classification Via ¢ ;5 87.24 RandomForest 94.69 84.69
Regression
CV Parameter 64.63 64.63 RandomTree 80.64 79.85
Selection
Filtered Classifier 95.57 87.85 REPTree 94.69 87.01
LogitBoost 94.74 86.55

As a next step of the study, two metaheuristic algorithms that are suitable for the existing dataset
were selected and applied. These algorithms are the Genetic Algorithm and Particle Swarm Optimization
algorithm. These algorithms were implemented and executed using the Python programming language.
Using the Genetic Algorithm implemented in the Python programming language, 14 out of 32
independent variables were selected. These variables are "Ethnicity, Education Level, Physical Activity,
Family History Alzheimer’s, Diabetes, Cholesterol Total, Cholesterol Triglycerides, MMSE, Functional
Assessment, Memory Complaints, Behavioral Problems, ADL, Personality Changes, Difficulty
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Completing Tasks". A new dataset was created with 14 independent variables and 1 dependent variable,
and classification algorithms were run again. Results are presented in Table 3. The models performed
consistently across training and test sets during the experiments, indicating no significant overfitting
was observed.

Using the Particle Swarm Optimization implemented in the Python programming language, 14
out of 32 independent variables were selected. These variables are "Ethnicity, Education Level, BMI,
Diet Quality, Family History Alzheimer’s, Cardiovascular Disease, Diabetes, Cholesterol LDL, MMSE,
Functional Assessment, Memory Complaints, Behavioral Problems, ADL, Forgetfulness”. The
classification algorithms were rerun using a fresh dataset that contained one dependent variable and
fourteen independent variables. Results are presented in Table 3.

According to the obtained performance results, the highest performance rate of 95.57%, achieved
before feature selection, remained unchanged after feature selection using the Genetic Algorithm and
Particle Swarm Optimization, continuing to be the highest performance rate. This suggests that not all
32 variables in the Alzheimer’s disease dataset are necessary, and only 14 of them may be sufficient to
diagnose the disease. As a result, the time required for diagnosis is reduced, and the analysis speed is
increased.

When comparing the Genetic Algorithm and Particle Swarm Optimization, both being meta-
heuristic algorithms, it is necessary to make comparisons based on other performance rates since they
provided the highest and identical performance rates. The Genetic Algorithm improved the performance
of a total of 28 classifier algorithms, while the Particle Swarm Optimization algorithm improved the
performance of a total of 33 classifier algorithms. Therefore, the algorithm that had the most significant
impact on the dataset's performance is the Particle Swarm Optimization algorithm.

After applying Genetic Algorithms (GA) for feature selection, many classifiers show noticeable
improvements in performance. For instance, the "RandomCommittee" classifier increases its accuracy
from 92.41% (before feature selection) to 94.18% with GA, while "RandomForest" jumps from 94.69%
to 95.39%. Similarly, "J48" also improves, reaching 95.11% after GA, compared to 94.88% before.
These improvements suggest that Genetic Algorithms are particularly effective in enhancing the
performance of more complex models, such as ensemble classifiers (e.g., Bagging, RandomForest), by
optimizing the feature set.

On the other hand, Particle Swarm Optimization (PSO) generally shows similar or slightly better
results compared to GA. In many cases, classifiers like "J48" and "Bagging" show no significant
difference in performance with PSO, remaining close to their high pre-selection accuracy levels.
However, classifiers like "RandomTree" and "KStar" perform slightly better with PSO than with GA,
indicating that PSO may offer more suitable feature selection for certain models.

Table 3. Comparative Results of Genetic Algorithm and Particle Swarm Optimization Performances

. Particle . Particle
Genetic Genetic
Algorithm Swarm Algorithm Swarm
Classifier g Optimization _ Classifier g Optimization
Performance Performance Performance Performance
(%) (%) (%) (%)
BayesNet 93.85 93.90 MultiClass Classifier 84.03 83.94
. MultiClass Classifier
NaiveBayes 85.34 84.96 Updateable 83.43 84.13
Naive Bayes 64.63 64.63 MultiScheme 64.63 64.63
Multinominal Text
NaiveBayes 85.34 84.96 Random Committee  94.18 93.81
Updateable
. Randomizable
LibSVM 64.77 71.19 Filtered Classifier 65.05 67.89
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Table 3. Continued.

Genetic Particle Genetic Particle
Classifier Algorithm Swarm Classifier Algorithm Swarm
g Optimization g Optimization
Performance Performance Performance Performance
(%) (%) (%) (%)
Logistic 84.03 83.94 Random SubSpace  88.69 87.48
Multilayer 85.57 84.69 Stacking 64.63 64.63
Perceptron
SGD 83.43 84.13 Vote 64.63 64.63
SGD Text 64.63 64.63 Weighted Instances ;4 64.63
Handler Wrapper
. . InputMapped
Simple Logistic 83.99 84.36 Classificr 64.63 64.63
SMO 83.89 83.66 DecisionTable 95.57 95.57
Voted Perceptron 64.63 70.03 JRip 94.88 94.83
IBk 73.89 71.47 OneR 65.33 65.33
KStar 80.78 77.66 PART 92.55 91.67
LWL 70.03 69.93 ZeroR 64.63 64.63
lterative Classifier o, - 94.74 DecisionStump 69.84 69.84
Optimizer
AdaBoostM1 93.90 93.90 HoeffdingTree 85.34 84.96
Attribute Selected o5 ¢ 93.85 143 95.11 95.16
Classifier
Bagging 95.16 95.20 LMT 94.18 93.99
Classification Via o, o4 94.32 RandomForest 95.39 95.20
Regression
CV Parameter 64.63 64.63 RandomTree 85.24 86.83
Selection
Filtered Classifier 95.57 95.57 REPTree 94.88 94.83
LogitBoost 94.74 94.74

Table 4 summarizes the impact of the feature selection methods on our highest performing

classifiers.

Table 4. Highest performance classifiers and the impact of feature selection methods on their

performance.
Classifier Performance Before CfsSubsetEval Genetic Particle Swarm
Feature Selection (%) (%) Algorithm (%) Optimization (%)

FilteredClassifier 95.57 87.85 95.57 95.57

Bagging 95.16 86.45 95.20 95.20
RandomForest 94.69 84.69 95.39 95.20

J48 94.88 86.92 95.11 95.16
DecisionTable 95.57 87.85 95.57 95.57

JRip 94.74 86.87 94.88 94.83
RandomTree 80.64 79.85 85.24 86.83

KStar 68.86 83.01 80.78 77.66
MultilayerPerceptron 82.41 86.41 85.57 84.69
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As can be seen from Table 4, the classifiers FilteredClassifier, DecisionTable, and Bagging
achieved performances of over 95% after feature selection, using both GA and PSO. These classifiers
maintained their performance even after reducing the number of features from 32 to 14. Though
CfsSubsetEval resulted in a performance decrease for most of the classifiers in Table 4, coupling it with
GA and PSO maintained or slightly improved performance. For example, the table clearly reveals that
RandomForest improved from 94.69% to 95.39% with GA, and to 95.20% with PSO. RandomTree also
showed a significant improvement with PSO, increasing its performance from 80.64% to 86.83%.

Rabie El Kharoua’s Alzheimer’s Disease dataset has been employed in several articles. Sufié
(2025) [52] used classical machine learning techniques such as K-Nearest Neighbors (KNN), Logistic
Regression, Support Vector Machines, Neural Networks, Decision Trees, and Random Forest, reporting
the highest accuracy of 93.49% with the Decision Tree classifier. In another recent study, Patel et al.
(2025) [53] experimented with several classifiers, including Logistic Regression, SVM, Decision Tree,
Random Forest, and ANN. After testing across six different feature selection scenarios, they achieved
the best result of 95% accuracy with Random Forest using selected numerical and categorical features.
Sendhil et al. (2025) [54] compared SVM, GBM, Logistic Regression, KNN, and Random Forest using
the same dataset, with Random Forest again performing best at 92% accuracy. Jevin & Umamageswari
(2024) [55] applied a deep learning approach using a ABO-2layer CNN and achieved 94.56% accuracy,
emphasizing the importance of hybrid deep learning models in medical prediction tasks. Airlangga
(2024) [56] evaluated three deep learning architectures—MLP, CNN, and LSTM—on the dataset
derived from the same source and found CNN to outperform others with an 88.65% average accuracy.
Compared to these studies, our approach achieved a maximum accuracy of 95.57% using only 14
features selected via metaheuristic algorithms (Genetic Algorithm and Particle Swarm Optimization).
This not only surpasses most prior studies in predictive accuracy but also demonstrates greater efficiency
by reducing model complexity and dimensionality.

The findings of this study could be translated into clinical practice by streamlining diagnostic
workflows in hospitals using a reduced feature set. By identifying the most relevant features, the
diagnostic process could become faster, more cost-effective, and less resource-intensive, as fewer tests
or measurements would be required.

Overall, both GA and PSO contribute to improved classification performance, but PSO seems to
give a slight edge in some cases, particularly for classifiers that initially have lower performance.
Overall, the best results are achieved with Bagging and FilteredClassifier, both reaching near 95%
accuracy, with Particle Swarm Optimization providing the slight edge in enhancing their performance
even further. In this case, it has been demonstrated that better results are achieved by selecting only the
relevant features, as the classifiers perform more efficiently with the optimized feature sets. Since the
best results were obtained with PSO, the selected and unselected features are visualized and presented
below. Figure 2 illustrates a visual of the features selected in the PSO algorithm that gave the best result
after applying Filtered Classifier with 14 features. Selected features have been illustrated with green and
unselected features have been illustrated with blue color.
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Selected features with PSO - Filtered classifiers
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Figure 2. Selected features with best performance in diagnosis.
5. Conclusion

The aim of the study was to reduce the identification and data analysis time by selecting the
minimum number of variables required for the diagnosis of Alzheimer’s disease, which, if not detected
early, can negatively impact individuals' life trajectories and ultimately lead to death in the final stage.
This approach also aims to enable the disease to be identified at the earliest possible stage.

In this study, a dataset containing 32 independent and 1 dependent variable, previously measured,
was utilized. Then to reduce the number of variables in the dataset, to perform a performance
comparison, the dataset was first run with 45 classifier algorithms, and performance results were
obtained. Subsequently, CfsSubsetEval, was selected for feature selection and applied to the dataset. As
a result of this application, a new dataset was created with 6 independent and 1 dependent variable, and
this dataset was again run with 45 classifier algorithms.

Due to a significant drop in performance, it was decided to perform feature selection using meta-
heuristic algorithms, considering previous studies. The Genetic Algorithms and Particle Swarm
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Optimization algorithms were used to perform feature selection on the dataset in Python programming
language. Although they are different from each other, both algorithms selected 14 independent and 1
dependent variable. Based on the selection of both algorithms, datasets were created and each was run
again with 45 classifier algorithms. Finally, the results were compared. The highest performance rate
before feature selection was 95.57%. After feature selection, both the Genetic Algorithms and Particle
Swarm Optimization produced the same highest rate of 95.57%. This indicates that to achieve the
highest performance, 14 variables, not 32, are sufficient. Since both algorithms produced the same rate,
it is important to consider the increases in performance in other classifier algorithms. The Genetic
Algorithms resulted in a performance increase in 28 classifiers, while Particle Swarm Optimization
resulted in a performance increase in 33 classifiers. Therefore, it can be said that the best result for the
dataset was provided by Particle Swarm Optimization. This study demonstrates that the disease can be
detected more quickly and accurately with fewer variables, as the highest performance is achieved with
14 variables instead of 32.

Based on the results of our study, there could be several recommendations for future work and
limitations to consider. Future research can focus on testing the proposed approach on larger and more
diverse datasets to ensure generalizability and robustness across different populations. For this reason,
future studies are planned to compare the results obtained with the ready-made dataset by collecting a
real-world dataset. Additionally, exploring other metaheuristic algorithms, such as Ant Colony
Optimization or Simulated Annealing, could provide a further insight into the effectiveness of alternative
feature selection methods. Despite its promising findings, this study is limited by its reliance on a single
dataset, which may not fully capture the variability present in real-world scenarios. Addressing this
limitation in future research will help strengthen the applicability and reliability of the proposed methods
in clinical practice. Finally, investigating the impact of feature selection on real-time clinical
applications, such as integrating these methods into diagnostic tools or wearable devices, would also
provide an invaluable future research direction.
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Abstract: A global analysis of energy consumption reveals a downward trend in capacity, while energy
demand continues to increase in response to population growth. In this context, the significance of
efficient energy utilization, particularly the reduction of heat losses in buildings, has grown
considerably. Insulating buildings is a strategy that has the potential to minimize heat loss during winter
months and overheating during summer months. This, in turn, can reduce the energy needed for heating
and cooling systems, including air conditioners. The present study investigates the impact of insulation
on thermal performance using a small, single-story wooden building model. The experimental design
involved the insulation of the model's exterior walls with three distinct types of materials during the
summer months. The experimenters recorded indoor and outdoor temperatures and calculated total heat
loss (or gain) to assess the effects of insulation material on thermal comfort. The experiments were
repeated with different building orientations, while radiation intensity and wind speed were also
measured for a comprehensive analysis.
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1. Introduction

Energy is among the fundamental necessities of modern societies, playing a critical role in
economic growth and societal well-being. Factors such as population growth, industrialization, and
urbanization have collectively led to a substantial increase in energy demand, thereby exerting
significant pressure on available resources [1]. The judicious utilization of energy resources is
imperative not only to curtail expenditures but also to mitigate environmental degradation. Among the
various strategies employed to address this issue, energy efficiency has emerged as a potent instrument
for achieving the delicate balance between economic growth and sustainability objectives [2]. In this
regard, thermal insulation in buildings emerges as a pivotal application for energy conservation,
reduction of heat loss, and enhancement of thermal comfort for occupants [3].

Over the years, extensive research has been conducted to evaluate the influence of insulation
material types and thicknesses on energy efficiency and thermal performance. For example, Arif [4]
investigated the energy savings potential of various insulation thicknesses in the Elazig region,
identifying optimal configurations for reducing energy consumption. Similarly, Semiha and Emre [5]
applied a life-cycle cost analysis approach, concluding that expanded polystyrene (EPS) combined with
coal offered the most cost-effective insulation solution. Erdem and Volkan [6] extended the analysis to
three different cities in Turkey, determining optimal insulation thicknesses based on regional climatic
conditions and economic considerations. Hiiseyin et al. [7] focused on the Yalova region and found that
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a minimum insulation thickness of 2 c¢cm is required to achieve satisfactory energy efficiency. Further
studies have explored the long-term benefits of insulation materials, such as energy savings and reduced
payback periods, across various regions and climates [8]-[13].

These investigations have demonstrated that selecting the appropriate insulation material can
significantly influence a building’s operational energy efficiency, particularly in regions with extreme
climatic conditions. Advanced insulation materials, such as aerogels and phase-change materials
(PCMs), have shown superior performance in regulating heat flow compared to conventional insulation
options. Their ability to adapt to temperature fluctuations enhances indoor thermal stability while
reducing energy consumption for heating and cooling purposes.

Beyond energy efficiency, sustainable insulation solutions contribute to environmental
conservation by lowering greenhouse gas emissions associated with excessive energy use. Erzen et al.
[14] emphasized the importance of integrating bio-based insulation materials, such as hemp and
cellulose fibers, as viable alternatives to synthetic insulations. These materials not only provide effective
thermal resistance but also support circular economy principles by utilizing renewable and
biodegradable resources. Additionally, insulation materials with high resistance to moisture and
microbial growth, such as extruded polystyrene (XPS), have been recognized for their long-term
durability and reduced maintenance costs.

In addition to material selection, optimizing insulation thickness is a crucial factor in maximizing
energy efficiency. Various studies have employed computational modeling and life-cycle cost analyses
to determine the ideal insulation thickness required for different climatic zones, ensuring that energy
savings offset initial investment costs. Recent advancements in smart insulation technologies, such as
thermally adaptive coatings and dynamic insulation systems, have further expanded possibilities for
improving thermal performance by responding dynamically to environmental conditions.

These findings highlight the necessity of a holistic approach to insulation design that incorporates
material properties, optimal thickness, climate adaptability, and economic feasibility. Future research
should focus on hybrid insulation systems that combine multiple materials to achieve enhanced thermal
resistance and energy conservation. Additionally, integrating insulation solutions with renewable energy
technologies, such as photovoltaic panels and geothermal heating, presents a promising avenue for
advancing net-zero energy buildings. By leveraging these innovations, the construction industry can
move toward a more sustainable, energy-efficient future, reducing both operational costs and
environmental impact.

2. Material and Methods

To analyze the thermal performance under various experimental conditions, a one-story, one-
room, one-roof building model was constructed using medium-density fibreboard (MDF) material.
Thermocouples were installed on a side wall of the building, on the roof, and on the floor at strategic
locations to provide accurate temperature measurements. In addition, a nozzle bundle of 25 nozzles was
integrated into another wall of the building. Indoor temperatures were monitored using these
thermocouples, air was introduced into the room through the nozzle bundles, and hot air was exhausted
using an aspirator to provide effective air circulation throughout the building. The experiments were
carried out on the terrace of the Mechanical Engineering Department of the Faculty of Engineering of
Firat University.Schematic illustration of experimental setup given in Fig.1.
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Fig.1 Schematic View of Experimental Setup

The exterior surfaces of the building and the roof cavity were covered with different types of
thermal insulation materials (Figs.1-2). The experimental design includes a total of 36 tests covering all
aspects of the building. Temperature measurements were taken simultaneously with two four-channel
thermometers and recorded digitally. Instantaneous solar radiation was measured automatically with a
radiation meter, while outside temperature, wind speed and direction were measured with a wind station.

a) b) c)
Fig.2 Picture of a building covered with a) EPS b) Stone-wool c) XPS thermal insulation material

The measurements were obtained during two distinct time periods: from 8:00 a.m. to 4:00 p.m.
(daytime) and from 9:00 p.m. to 5:00 a.m. (nighttime). The collected data were then meticulously
arranged into graphs to facilitate analysis and visualization. The effect of radiation was significant
during the daytime hours and was taken into account in the calculations, while at night the effect of
radiation was either completely negligible or absent. This comprehensive experimental setup aims to
analyze in detail the effects of insulation materials on energy savings and thermal comfort.

2.1. Calculations
The following equations were used to make the necessary calculations in the experiment. Heat

loss from side walls and roof:
+ Towe-Ty Ty Ty T3-T, T, Ty
Traa™™ 1T 777 TR L
hout kiy kl hin

M
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F = 0.5 Re?/3 (6)
Tout—T4
Qside = Qraa t 1 (2)
hout
_ Tl—Tin
an = 1 3)
hin
_ =T
Qry = 1 (4)
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N

Nusselt calculation for circle nozzle [15]:

Q)
—=KXGXF
7
K = [1+( H/D )6]—0.05 ( )
0.6/AY*
G = 2apie LT 2247 ®
1402 (%)Arl/z
Heat loss from nozzle Wall:
hd )
Nu = T
(10)
qn = h (Tout - Tin)
(11)

_ Uside Af + an ZAn
Anw = A

Calculation of the radiation intensity falling on the side surfaces

The heat flux values measured by the solar meter for the horizontal plane were calculated for the
vertical plane. The geometric factor R, is defined as the ratio of the instantaneous direct radiation (/)
falling on the inclined surface to the instantaneous direct radiation (/) falling on the horizontal surface,
for the northern hemisphere this value is found from the following expression [16].

R cos(¢ — ) X cosd X cosw + sin(¢p — B) X sind (12)
b=

cos@ X cosé X cosw + sin@ X sind

Here:
@ = Latitude angle
B = Inclination angle of the surface in horizontal position
w = Clock angle
6 = Declination angle
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Latitude angle =38.7° for Elazig province.

The hour angle converts local solar time (LST) into the number of degrees the sun moves across
the sky. Since the Earth rotates 15° per hour, each hour of solar noon corresponds to 15° of angular
movement of the sun across the sky and is calculated by the formula.

w=15°%(LST — 12) (13)

3. Results And Discussions

The side wall where the thermocouples were placed (Fig. 1) was oriented north-south-east-west, and the
effect of orientation was taken into account in the heat transfer calculations. Graphs were plotted at one-
hour intervals between 08:00 and 16:00 for daytime hours and between 21:00 and 05:00 for nighttime
hours. Since the effect of radiation is high during daytime hours, it is taken into account in the
calculations. In addition, the instantaneous wind speed was measured during the experimental hours and
recorded in a table.

Figs. 3a-d show the heat flux vs. time graphs during the daytime hours for the side-wall-ceiling-floor-
nozzle wall covered with EPS 4 cm insulation material. Fig. 4 shows the radiation intensity-time graph.
Then the instantaneous wind speed table is given. Fig. 5 and Table. 2 show the results for the night time.
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Fig. 3 Variation of heat flux with time for EPS 4 cm a) daytime-side Wall b) daytime - ceiling
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Fig. 4 Variation of the radiation intensity incident on the vertical surface with respect to time for
EPS 4 cm
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Table 1. EPS 4 cm instantaneous daytime wind speed values (m/s)

Time North South East West
08.00 0,7 0 0 0,7
09.00 0,7 0,7 0,7 1
10.00 1 1 1,7 2
11.00 0,7 2,7 2,7 2
12.00 3,7 2,7 2 2,7
13.00 2,7 5,1 3,1 1
14.00 1 4,8 1,7 3,7
15.00 2 2,7 1,7 4.8
16.00 2 3,7 2 3,1
~15[ Directions

—-4.0
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Fig. 5 Variation of heat flux with time for EPS 4 cm a) night-side wall b) night-ceiling ¢) night-flooring

d) night-nozzle

Table 2. EPS 4 cm instantaneous wind speed values at night (m/sec)

Time North South East West
21.00 2 0 0,7 0
22.00 0 0,7 0,7 0,7
23.00 0,7 0,7 0,7 0
00.00 0,7 0 0,7 0
01.00 0 0 0 0
02.00 0,7 0,7 0 0
03.00 0,7 0 0,7 0
04.00 0 0 0 0,7
05.00 0,7 0,7 0,7 0,7
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Fig. 3a. shows the heat transfer (¢) through the side wall during daytime hours for EPS 4 cm. On
the east-facing wall, ¢ is higher in the morning and decreases later in the day, while on the west-facing
surface, on the contrary, it is lower in the morning and increases in the afternoon. On the south-facing
surface, g increases until noon and then decreases. On the north-facing surface, g is larger in the morning
and decreases later in the day. This trend is similar for other insulation materials.

Fig. 4a. shows the heat transfer through the side wall at night for EPS 4 cm. As can be seen from the
figure, the east and north facing surfaces cool down faster at night while the south and west facing
surfaces cool down later.

When the heat transfer through the ceiling for EPS 4 cm during daytime hours is analyzed (Fig.
3b), it is seen that ¢ increases from the morning hours in all directions of the building and reaches
maximum values between 14-16 hours.

Fig. 4b shows the heat transfer through the ceiling at night for EPS 4 cm. Contrary to the daytime hours,
q decreases gradually until the morning and reaches minimum values between 05-08 hours.

As illustrated in Fig. 3c, the heat transfer through the floor during daytime hours for EPS with a

thickness of 4 cm is depicted. In all directions, g shows an approximately horizontal trend. However, in
the experiments conducted on the south side of the building, this trend was temporarily disrupted due to
the sudden appearance of a wind after 11:00 a.m. (see Table 2). This was followed by the closure of the
air and the decrease in radiation intensity (a similar situation occurred on the north side after 12:00 p.m.).
The horizontal trend in g, with the exception of sudden changes in conditions, is consistent for all
insulation thicknesses and types, extending even during nocturnal periods (Fig. 5¢).
Fig. 3d shows the heat transfer through the nozzled wall during daytime hours. As can be seen from the
figure, the nozzled system was not very effective during daytime hours. It is seen that the nozzled system
is effective after 17-20 hours and rapidly decreases the indoor temperature (Fig. 5c). This effect
continues until 07-08 am the next day. After 08:00 am, the indoor environment starts to warm up again
and the temperature increases rapidly.

The maximum indoor temperatures of the day are recorded between 15:00 and 16:00. In order to
forestall the precipitous rise in indoor temperature during daylight hours, it is advisable to maintain the
closure of windows (and, by extension, the nozzles) from 8:00 a.m. onward until the evening hours.
Fig. 4 shows the variation of radiation intensity with respect to time for EPS 4 cm. Table 3.1 shows the
instantaneous wind speed during the daytime hours on the days when the EPS 4 cm experiments were
conducted. Table. 2 shows the wind speeds at night on the same days.

As illustrated in Figure 6a, a comparison was conducted of 4 cm-thick insulation materials during
daytime hours with the side wall facing east. As depicted in the figure, the lowest q is obtained in XPS
during the early morning hours. At noon, there is no significant difference in q between the insulation
materials.

80



Middle East Journal of Science (2025) 11(1):74-85 https://doi.org/10.51477/mejs.1618434

5 1 ~ Material 10
. L —e— XPS '/‘Ir'/_‘/,_.,——"—-—ﬁ_.
20 o EPS
. »— STONE-WOOL 0
=15 T
£ E
210 2 -10
o o
5 Material
=20 —e— XPS
0 + EPS.
D e— STONE-WOOL
L o o o o N N L o £ £ N o) L L o £ £
O N N N N N N N N S S 5 & o N S < 3
I N N & ¢ ¥ e e
Time Time
a) b)
| o | > Material
A=t 254 - —— XPS
0 A | 2 —e, o EPS
. . 1 20 >— STONE-WOOL
7 ‘E 15
210
o
Material 5
—— XPS
o EPS L . i1
>~ STONE-WOOL ~&=
! -5 i
O N O o L o N L L o N
N o N N N N N N N N o
N N R LN I
Time

Fig. 6 Comparison of 4 cm thick insulation materials a) daytime-side wall b) day-ceiling
¢) daytime-flooring d) day-nozzle

Fig. 6b shows the values found for the ceiling at the same thickness during daytime hours. In this
figure, in contrast to the previous one, XPS was the highest in the morning hours. However, the results
are significantly affected by the fact that both the radiation intensity decreases and the wind speed is
much higher on the test days with other insulation materials (Fig. 4, Table 1). Figs. 6¢-d show the heat
transfer from the floor and nozzled wall respectively under the same conditions. In both figures, it is
seen that the lowest values of ¢ are obtained for XPS in the morning hours. Figs 7a-d graphs plotted at
night time.
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Fig. 7 Comparison of 4 cm thick insulation materials a) night-side wall b) night-ceiling c) night-
flooring d) night-nozzle
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The figures presented above illustrate the heat transfer from each wall of the building individually.
However, due to the variability in weather conditions on the test days and at the time of the experiment,
it was not feasible to calculate the total heat transfer from the building on the same day. The following
figures are given to compare the inside-outside temperature differences for the north-facing nozzle
(exterior wall direction east). Figs. 8a-b show the variation of 4 c¢cm thick insulation materials with
respect to each other during daytime and nighttime, respectively.

Fig. 8 Comparison of temperature differences for insulation materials with 4 cm insulation thickness
a) daytime - north facing nozzle direction b) night - north facing nozzle direction

As illustrated in Fig. 8a-b, the XPS-nozzle system demonstrates optimal cooling during the early
morning and nighttime hours.

3.1. Uncertainty Analysis

In this study, the uncertainties in the measured values are evaluated using the Kline and
McClintock [17] methodology. This method offers a structured and reliable approach for quantifying
measurement uncertainties, ensuring the accuracy and credibility of the experimental results.

With uncertainty analysis the error rate is obtained by Eg.14 .

WR—[( W1)2+( Wz)2+( W3)2+ +( W)2] (14)

Ina measurement with n 1ndependent Varlables.
R: dimension to be measured
X1, X5, X3, ...l , Xn,: are the variables affecting the measurement
Wy, Wy, Ws, ..., W, is the error rate due to the independent variable
Wh, is the total uncertainty ratio.

In the experimental study, measurements were obtained by means of digital thermometers. In the
experimental setup, the results were affected by errors due to thermometer and temperature
measurement. Akpinar [18] stated some of the error amounts in his article as follows. According to these
values, the error rate resulting from the study was calculated as shown below.

a. Error due to digital thermometers =+0.1 °C

Error due to thermocouples = +0.25-0.5 °C

Error due to points and fasteners = +0.1 °C

Error in measuring the center temperature = +0.25°C

o e o

The average error that can be made in measuring ambient temperature = £0.25°C

Wr = [(2)2 + (b)2+ ()2 + (d)2+(e)2] %= [(1)? + (0.5)2+ (0.1)2 + (0.25)2+(0.25)?] % = + 1.176°C
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4. Conclusions

The present study evaluated the thermal performance and energy efficiency of three distinct
insulation materials—expanded polystyrene (EPS), extruded polystyrene (XPS), and stone wool—in a
single-story wooden building model. The findings yielded significant insights into the effectiveness of
these materials in enhancing indoor thermal comfort and reducing energy consumption. The findings
demonstrated distinct advantages for each material depending on the building orientation and
environmental conditions.

Table 3. Comparison of the lowest indoor temperatures of all insulation materials during night hours

Tin West East South North
Eps 25,2 25,3 25,5 22,3
Xps 24,5 27,6 25,2 25,8
Stone-Wool 25,3 21,9 23,1 25,5

XPS insulation consistently outperformed other materials in reducing heat transfer during both
daytime and nighttime. It achieved the lowest recorded indoor temperature in the west orientation
(24.5°C) and performed efficiently across other directions, showcasing its effectiveness as a thermal
barrier, especially in regions with significant diurnal temperature variations. Stone wool excelled in
specific orientations, achieving the lowest overall indoor temperature in the east direction (21.9°C) and
demonstrating its suitability for targeted applications. EPS insulation, while slightly less effective
overall, achieved the lowest temperatures in the north (22.3°C) and west (25.2°C) directions, indicating
its potential for these orientations.

The integration of a nozzle cooling system has demonstrated effectiveness in reducing indoor
temperatures during nighttime, thereby enhancing thermal comfort. However, its limited influence
during the daytime suggests the need for optimization. Potential improvements include coupling the
system with advanced ventilation controls, automated shading mechanisms, or complementary passive
and active cooling strategies. Furthermore, external environmental variables such as solar radiation
intensity, wind speed, and ambient temperature fluctuations play a crucial role in heat transfer dynamics.
These factors must be carefully considered when designing and assessing insulation performance to
ensure optimal energy efficiency and indoor climate stability.

These findings highlight the necessity of selecting insulation materials based on a combination of
building orientation, local climatic conditions, and operational requirements. For instance, extruded
polystyrene (XPS) is particularly suitable for regions that demand a robust thermal barrier across various
orientations due to its low thermal conductivity and moisture resistance. Conversely, stone wool may
offer superior performance for eastern and southern-facing walls, where solar exposure patterns
necessitate materials with high thermal mass and fire resistance. Additionally, operational strategies
such as maintaining windows and nozzles closed during peak daytime heat can further improve indoor
thermal stability while minimizing energy consumption.

Beyond the immediate implications for building design, this study reinforces the broader
significance of insulation in reducing energy demands and advancing sustainability objectives. By
effectively lowering heating and cooling loads, strategic insulation deployment contributes to
environmental conservation efforts and enhances overall building performance. Future research should
focus on evaluating the long-term durability and thermal resistance of various insulation materials under
real-world conditions, conducting comprehensive lifecycle cost analyses, and exploring the integration
of renewable energy systems, such as solar photovoltaic panels and geothermal heating, into holistic
building solutions.
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Combining cutting-edge insulation technologies with renewable energy sources presents a
promising pathway toward achieving energy-efficient, resilient, and self-sustaining built environments.
In conclusion, this study underscores the pivotal role of strategic insulation design in enhancing thermal
comfort, reducing energy consumption, and promoting environmental sustainability. It offers valuable
insights for researchers, architects, and policymakers seeking to develop innovative solutions that align
with global energy efficiency and climate resilience goals.
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Abstract: In this study, we present a case of a 7-month-and-26-day-old patient with a novel karyotype
associated with a 46,XY disorder of sexual development. This complex chromosomal rearrangements,
described as 46,XY,t(1;2,12,6,16)(q42,923,q22;q13,q13), was confirmed by FISH analysis and has not
been previously reported in the literature. The patient exhibited ambiguous genitalia and faced urinary
obstruction. No pathogenic variants were detected in genes associated with disorders of sex
development in the Next-Generation Sequencing (panel, suggesting that structural rearrangements may
disrupt genes critical for sexual and neurological development. Laparoscopic-assisted urogenital
mobilisation successfully improved urinary function and genital appearance. This case demonstrates
that the pathogenesis of disorders of sex development may involve structural chromosomal
abnormalities in addition to gene-level mutations and highlights the importance of genomic
rearrangements in disorders of sexual development. The findings emphasise the need for a
multidisciplinary approach to the diagnosis and management of complex cases of disorders of sex
development. Chromosomal abnormalities should be considered even in the presence of normal sex
development genes. This rare karyotype provides new insights into the genetic basis of disorders of sex
development, as similar cases have not been documented. We believe that reporting such unique cases
will contribute to the understanding of the molecular mechanisms of disorders of sex development and
the development of clinical strategies. In summary, we emphasize that structural chromosomal
alterations can contribute to disorders of sex development independently of gene mutations and the
value of genetic, clinical, and surgical collaboration in patient evaluation. This case expands knowledge
of the etiology of disorders of sex development and supports further research on structural genomic
alterations.

Key words: DSD, ambiguous genitalia, complex chromosomal rearrangement.
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1. Introduction

Ambiguous genitalia, a key feature of disorders of sex development (DSD), occurs in
approximately 1 in 4,500 births and arises from disruptions in chromosomal, gonadal, or hormonal
pathways governing sexual differentiation [1]. These disorders result from genetic mutations (e.g., in
SRY and NRS5AIl), enzyme deficiencies (e.g., 21-hydroxylase), or complex chromosomal
rearrangements that disrupt testicular or ovarian development [2]. During critical embryological stages
(weeks 6-20 of gestation), abnormal androgen production, receptor dysfunction, or anti-Miillerian
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hormone defects can lead to discordance between genetic sex and phenotypic genital development [3].
The resulting spectrum includes undervirilized males, masculinized females, or truly ambiguous
anatomy, often requiring multidisciplinary diagnostic approaches.

Complex chromosomal rearrangements (CCRs), though rare, can disrupt multiple phases of
sexual development by altering dosage-sensitive genes or regulatory elements. These structural
anomalies may affect gonadal formation (weeks 6-8), steroidogenesis (weeks 8-12), or late genital
maturation (weeks 12+), frequently presenting with ambiguous genitalia alongside other congenital
anomalies [4]. Phenotypic variability depends on the affected genomic regions—for instance,
rearrangements near SOX9 may cause 46,XY DSD, while DAX1 duplications can lead to 46,XY
gonadal dysgenesis [5]. Given this complexity, advanced cytogenetics (karyotyping, FISH, microarray)
and hormone profiling are essential for accurate classification and management.

2. Materials and Methods

Karyotype analysis was requested from a 7-month and 26-day-old patient admitted to Dicle
University Faculty of Medicine Paediatric Endocrinology Clinic in March 2024 due to ambiguous
genitalia. The study was approved by the Medical Ethics Committee. Dicle University Faculty of
Medicine Ethics Committee (Ethics approval code:125).

2.1. Pedigree Analysis

The pedigree analysis revealed no consanguineous relationship between the progenitor's
presentation, the infant's growth parameters (69 cm length, 7.65 kg weight) were appropriate for
chronological age, with both measurements plotting within normal percentile ranges. On physical
examination, a bilateral labial mass could not be palpated. In the pelvic ultrasonography examination,
the left testicle was observed in the middle part of the inguinal canal, and its dimensions were measured
as 10x6.5x14 mm. The right testicle could not be visualised along the inguinal canal. Cerebral
ultrasonography showed that the ventricular system of the brain was symmetrical and aligned.
Ventricular width was found to be within normal limits. The corpus callosum was visualised in sagittal
sections, and its structural integrity was preserved. Echocardiography showed normal anatomical
structures of the heart. The dimensions of the cardiac cavities, wall thickness of the ventricles and atria,
valvular structures, and positions of the great vessels were within normal limits. Cardiac functions
(ejection fraction, cardiac output) were measured normally.

According to the hearing test results, the baby's bilateral hearing was found to be within normal
limits. Audiological evaluation showed that both ears responded to normal auditory stimuli. Hearing
loss or pathological findings in auditory pathways were not detected.

2.2. Biochemical analyses

Biochemical analyses revealed normal thyroid function (TSH: 2.186 mIU/L, reference: 0.79-5.85;
FT4: 1.06 ng/dL, reference: 0.64-1.71) and adequate cortisol levels (12.9 pg/dL, reference: 6.7-22.6).
Gonadotropin levels were at the lower reference limit (FSH: 1.82 IU/L, reference: 1.27-19.26; LH: 0.75
IU/L, reference: 1.24-8.62), with markedly suppressed androgen production evidenced by undetectable
testosterone (<0.01 ng/dL, reference: 1.75-7.81) and subnormal DHEA levels (<15 pg/L, reference: 80-
160). Additional markers showed serum AFP (75 ng/mL) within the expected range for gestational age
and undetectable hCG (0.38 mIU/mL, reference: <5).
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2.3. Cytogenetic analysis

Cytogenetic analysis was performed using the standard lymphocyte culture technique, and a
complex chromosomal rearrangement was detected: The specific chromosomal configuration is defined
as 46,XY,t(1;2;12;6;16)(q42;923;q22;q13;q13). A total of 50 metaphase cells were examined, and the
results were confirmed. This novel karyotype demonstrates a unique pattern of balanced translocations
involving five distinct chromosomal regions (Figure 1), representing an exceptionally rare cytogenetic
finding in disorders of sex development.
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Figure 1. The karyotype of the patient was 46, XY, t(1;2;12;6;16)(q42;923;922;q13;q13). In detail, the
chromosome 1 segment distal to 1q42 was assigned to the 2q23 region on chromosome 2; the
chromosome 2 segment distal to 2q23 was assigned to the 12q22 region on chromosome 12;
the chromosome 12 segment distal to 12q22 was assigned to the 6q13 region on chromosome
6; The chromosome 6 segment distal to 6q13 translocated to the 16q13 region on chromosome

16; and the chromosome 16 segment distal to 16q13 translocated to the 1q42 region on
chromosome 1.

To confirm these complex chromosomal rearrangements, fluorescence in situ hybridisation
(FISH) analysis was performed on metaphase plates obtained from cells cultured from the patient's
peripheral blood sample using the CytoCell® TeloMark kit. A total of 50 different probes, including 41
subtelomeric-specific probes, three centromeric probes, and six locus-specific probes, were used in this
analysis, and the presence of translocations was confirmed (Figure 2).

88



Middle East Journal of Science (2025) 11(1): 86-95 https://doi.org/10.51477/mejs. 1681336

Figure 2. Patient's 46,XY,t(1;2;12;6;16)(q42;923;922;q13;q13) karyotype confirmed by FISH.

2.4. Genomic DNA Extraction and Quantification

Genomic DNA was extracted from peripheral blood samples using the QIAamp DNA Blood Kit
(QIAGEN, Hilden, Germany) on an automated QIAcube HT platform, according to the manufacturer's
protocol. DNA concentration and purity were assessed fluorometrically using the Qubit™ 4.0 system
with the dsDNA High Sensitivity Assay Kit (Invitrogen, Waltham, MA, USA), ensuring optimal quality
for downstream sequencing applications.

2.5. Next-Generation Sequencing and Variant Analysis

A targeted next-generation sequencing panel encompassing all known DSD-associated genes was
performed, with comprehensive coverage of exonic regions and flanking £10 bp intronic sequences.
Sequencing was aligned to the GRCh37/hgl9 reference genome, achieving a mean read depth of 20x
and 99.65% coverage of the target regions. The list of 65 DSD genes was compiled from online
databases such as OMIM (http://www.omim.org) and PubMed (http://www.ncbi.nlm.nih.gov/pubmed),
as well as a comprehensive review of the current literature. The genes included in the panel are as
follows: ANOSI, AMH, AMHR2, AR, ARX, ATP6V0A4, ATRX, BCOR, CDKNIC, CHD7, CTU2,
CUL4B, CYB5A, CYP11A41, CYPIIBI, CYP1741, CYP1941, DHCR7, DHH, FEZF1, FGFS8, FRASI,
FSHB, GATA4, GLI2, HOXA13, HSD17B3, HSD3B2, INPPSE, LHCGR, MAMLDI, MAP3K1, MYRF,
NROBI, NR2F2, NR3C1, NR5A1, NSMF, PAX6, PAXS, PBX1, POR, RPL10, RSPO1, SAMDY, SEMA3E,
SGPLI, SOX10, SOX9, SRY, STAR, TCF12, TOEI, TWIST2, WT1, TTC21B, TTCS, UBRI, WDPCP,
WDRI11, WDR35, ZMYNDI0, AAAS, POMC, MCM4.
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2.6. Genetic Analysis Findings

Comprehensive genomic evaluation revealed no pathogenic or likely pathogenic variants in
known DSD-associated genes that could explain the patient's phenotype. To investigate the origin of the
observed complex translocation, we performed conventional karyotyping of first-degree relatives.
Parental analysis demonstrated normal chromosomal constitutions in both progenitors (mother: 46,XX;
father: 46,XY), while the sibling (46,XY) similarly showed no evidence of the translocation (Figures 3-
5). This familial cytogenetic pattern confirms the de novo occurrence of the complex chromosomal
rearrangement in the proband.
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Figure 3. Karyotype analysis of the patient's mother was performed using the standard GTG banding
(Giemsa-Trypsin-Giemsa) method. As a result of the analysis, a normal female karyotype with
a chromosomal structure of 46, XX was detected.
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Figure 4. Karyotype analysis of the patient's father was performed using the standard GTG banding
(Giemsa-Trypsin-Giemsa) method. As a result of the analysis, a normal male karyotype with
46,XY chromosomal structure was detected.
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Figure 5. Karyotype analysis of the patient's brother was performed using the standard GTG banding
(Giemsa-Trypsin-Giemsa) method. The analysis revealed a normal male karyotype with a
46,XY chromosomal structure.

The patient underwent laparoscopic-assisted total urogenital mobilisation to correct ambiguous
genitalia and improve urinary function. After this procedure, both urinary functions and cosmetic results
were significantly improved (Figure 6).

Figure 6. The patient underwent laparoscopic-assisted total urogenital mobilisation surgery at 8 months
of age. This surgery involves repositioning and mobilisation of the urogenital system (urinary
and reproductive organs). The images taken 1 year after the surgery showed that the healing
process of the genital organs was successfully completed, and the normal anatomical structure
was restored. This indicates that the surgical intervention was successful and the patient's
recovery process is progressing favourably.

3. Results and Discussion

Our 7 months and 26 days old patient with chromosome 46,XY presented with complaints of
ambiguous genitals and difficulty urinating. Investigation and management of a child with 46,XY
genetic male sex and ambiguous genitalia is quite difficult. History and clinical examination stand out
as the most basic and effective methods of diagnosing DSD cases [6]. The patient's history, physical
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findings, and clinical symptoms should be carefully assessed. However, additional diagnostic methods
may be required to make a definitive diagnosis. At this point, karyotype analysis is of great importance
as it clearly shows the chromosomal structure and identifies abnormalities in the sex chromosomes (e.g.,
46,XX; 46,XY or mosaic structures) [6]. Although translocations are rare in DSBs, the dosage of
affected genes in the translocated chromosome influences the phenotype of the translocation. Karyotype
analysis showed  that the  karyotype @ of our  patient with  DSB was
46,XY,1(1;2;12;6;16)(q42;923;q22;922;q13;q13). The diagnosis was confirmed by FISH. Such CCRs
are structural chromosomal abnormalities that are extremely rare in the population and are usually
characterised by the involvement of two or more chromosomes containing at least two breakpoints; in
their simplest form, such rearrangements involve three breakpoints, while more complex cases may
involve eight or more breakpoints. This wide variation results in CCRs showing a great genetic and
clinical diversity [7]. The substantial prevalence of CCRs (approximately 23%) among individuals with
multiple congenital anomalies and/or intellectual disability underscores their diagnostic relevance in
clinical genetics. Notably, the observation that >50% of de novo CCRs are associated with abnormal
phenotypes strongly implicates unbalanced chromosomal rearrangements as a frequent contributor to
developmental pathology [7-10]. In our case, de novo CCRs were reflected in the phenotype as an
undetermined sex anomaly.

The patient with a 46,XY karyotype shows a complex multiple translocation in the form of
t(1;2;12;6;16)(q42;923;922;q13;q13). When the clinical significance of these translocations is compared
with the data in the literature, it is seen that they are particularly associated with neurological,
psychiatric, and developmental disorders. Cytogenetic disruptions at 1q42 represent a recognized
genetic risk architecture for neuropsychiatric disorders, with balanced translocations in this locus
demonstrating phenotypic penetrance across cognitive and behavioral domains [11-15]. Clinical
findings of Robinow syndrome were found in two patients with a 1q42 deletion. These findings include
phenotypic features, including short stature, hypertelorism, short limbs, and hypoplastic genital organs
[16]. The 2g23.1 microdeletion syndrome has been documented in 18 reported cases, with a consistent
phenotypic spectrum encompassing intellectual disability, severe speech impairment, epilepsy, and
behavioral abnormalities. Additional clinical hallmarks include microcephaly, subtle craniofacial
dysmorphism, brachydactyly, postnatal growth restriction, and a wide-based ataxic gait, suggesting a
distinct neurodevelopmental disorder associated with this genomic region [17]. Balanced translocations
of chromosome 6 have been reported to be associated with reproductive failure [18]. This indicates that
the translocation may lead to problems in meiotic segregation as a consequence of the rearrangement of
genetic material. Chromosome 16q translocations have been linked to various physical and
developmental disorders, including postnatal growth retardation, marked psychomotor retardation,
dysmorphic facial features, flexion contractions of joints, foot deformities, congenital heart defects,
ambiguous genitalia, hypospadias, small penis, bifid scrotum, undescended testes, intestinal
malformations, and anorectal abnormalities [19-20]. Such findings suggest that the translocations
observed in our patient may have clinical significance in terms of neurological, psychiatric, and
developmental disorders. Additional clinical correlation studies and functional genomic analyses are
needed to determine the exact phenotypic consequences of these complex translocations.

Sexual development in 46,XY individuals is controlled by a critical network of regulatory genes
that orchestrate gonadal differentiation and genital morphogenesis. Disruption of these genes, through
deletions, pathogenic variants, or dysregulation, can result in a wide range of phenotypes, from isolated
hypospadias to complete sex reversal. Because of this genetic complexity, we used next-generation
sequencing (NGS) to analyze a comprehensive panel of DSD genes, including the central SRY locus, to
elucidate potential molecular etiologies in this case. The analysis revealed no pathogenic or significant
mutations in the genes included in the panel. This finding suggests that the genetic causes of the patient's
abnormalities of sex development should be further investigated.
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4. Conclusion

Taken together, these findings suggest that 46,XY DSD is a phenotypically and genetically
heterogeneous disorder that requires systematic genomic characterization combined with long- term
multidisciplinary follow-up to improve prognostic accuracy and personalized interventions. While
radiologic imaging, hormonal analysis and genetic testing are indispensable tools in the diagnosis of
DSD, providing critical information about the underlying pathology, the phenotypic variability
associated with chromosomal rearrangements further emphasizes the importance of comprehensive
clinical and genetic evaluation. By integrating these diagnostic modalities, clinicians can optimize
patient care and provide informed guidance to families, ultimately improving outcomes for individuals
with this complex disorder.
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Abstract: Deep learning has become a popular method in the last ten years with its superior
performance in many fields, especially in health. Although it is a sub-branch of machine learning, one
of the most important reasons for researchers to use this method is that it automates the difficult
processes of feature extraction stages in traditional machine learning methods. With the advancement
of technology every year, it has become easier to create large data sets or to access large data sets that
have been used before on the web. Researchers who want to work on large data sets use deep learning
methods effectively because of their advantages instead of using traditional machine learning methods.
The foundations of deep learning were laid with the deep belief networks method, which was first
developed in 2006. Later, with the significant success of the Convolutional Neural Network (CNN)
method developed in 2012 in image classification, deep learning methods have been used in many
applications in other disciplines. The success of the deep reinforcement learning algorithm that defeated
Alpha Go champion Lee Sedol in 2016, the remarkable success of the contentious generating networks
in creating their own unique images, the success of the Siamese networks with the ability to learn from
little data in signature verification and facial recognition systems, the success of the artificial
intelligence chat bot ChatGPT, which was launched in the last months of 2022, attracted attention in a
short time, and the ability of DALL-E, a similar language model, to create images from texts, shows that
deep learning is in constant innovation and development. This study aims to give an idea to researchers
who will work in this field in the future by talking about the basic concepts of deep learning and the
innovative and popular approaches used.

Keywords: Deep learning, deep networks, machine learning, artificial intelligence.
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1. Introduction

Deep learning, a sub-branch of machine learning, is a popular method that automates the feature
extraction stages in machine learning and combines them with classification. Deep learning tries to learn
the features extracted from data by using the deep neural network architecture, which is inspired by the
basic working logic of the feed-forward artificial neural network architecture. In order to get efficient
results in deep learning, the amount of data must be large. Creating a large amount of dataset has become
possible with the widespread use of the internet since 2000. This has been a preliminary step for deep
learning.

The concept of deep learning was first introduced in 2006 with the deep belief network introduced
by Hinton et al. [1]. After this development in 2006, studies and research on deep learning have spread
rapidly worldwide. Many world-famous companies have closely followed the developments in deep
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learning and have made certain initiatives. Famous companies such as Google, Facebook and Microsoft
have invested in deep learning and applied deep learning to various areas. Later, Microsoft and Google
achieved great success by significantly reducing the error rate in speech recognition studies using deep
neural networks [2].

There are two important years in the literature that affected the rise of deep learning: 2012 and
2016. In 2012, the high performance of AlexNet, a deep neural network model designed by Alex
Krizhevsky, in classifying images in the ImageNet large-scale visual recognition (ILSVRC) competition
[3] accelerated deep learning studies. In 2016, deep learning research took a big leap forward when the
AlphaGo program developed by Google Deepmind defeated human champion Lee Sedol in the Go
competition [4]. As a result of the high performance achieved in the Go competition, deep learning
managed to attract the attention of many researchers. The increasing interest of researchers in deep
learning and their efforts to apply deep learning to different fields contributed to the popularity and
development of the method.

In the last five years, deep learning methods have been used mostly in the health field. In the
health field, it has been used mostly in cancer detection [5], [6], heart disease detection [7], [8] and brain
tumor classification [9], [10], [11]. Since 2020, it has played a vital role in the preliminary detection of
the novel coronavirus (Covid-19) disease [12], [13]. Deep learning has been used in many academic
studies outside the health field. These are: natural language processing [14], object recognition [15],
gaming [16], finance [17], etc. Today, researchers prefer deep learning methods instead of traditional
machine learning methods in many fields. There are three main reasons for this. These are: the
widespread use of GPUs in education with the development of technology, the increase in the amount
of data, and the elimination of the need for feature engineering for feature extraction stages.

This study aims to provide a comprehensive overview of the evolution of deep learning in the last
decade, highlighting its foundational concepts, model innovations, and wide-ranging applications. By
presenting key architectural developments such as CNNs, LSTMs, GANSs, and transformers, as well as
emerging areas like geometric deep learning and explainable Al this study serves as a valuable reference
for researchers aiming to explore or apply deep learning techniques. The remainder of this paper is
organized as follows: Section 2 discusses the technical foundations and major architectures in deep
learning. Section 3 presents the ethical and societal implications of deep learning technologies. Section
4 includes a discussion of current limitations and emerging research trends. Finally, Section 5 concludes
the study by summarizing the contributions and emphasizing the future potential of deep learning.

2. Deep Learning

Deep learning is a fast and effective method that minimizes human intervention as much as
possible by using a multilayered nonlinear network structure. The roots of deep learning date back to
the beginning of the artificial neural network era, which developed with the emergence of the
backpropagation algorithm. Research on artificial neural networks began in the 1940s. In 1943,
McCulloch and Pitts analyzed the operating characteristics of neurons in the brain and proposed a model
called McCulloch-Pitts (MP) [18]. This proposed model made significant contributions to the
development of artificial neural networks. Later, Hubel and Wiesel’s study on multilayer perceptrons
by examining the animal cerebral cortex [19] created an important idea for the use of layered architecture
in artificial neural networks in the following years.

The backpropagation algorithm, which had the greatest impact on the beginning of the artificial
neural network era, was developed in the 1960s and 1970s and was first applied to neural networks in
1981. A classical neural network consists of an input, an output, and at least one intermediate layer
called the hidden layer. Unlike classical neural networks, the number of hidden layers is high in the
neural network structure used in deep learning. The deep neural network architecture is given in

97



Middle East Journal of Science (2025) 11(1):96-115 https://doi.org/10.51477/mejs.1640908

Figure 1. Since the number of hidden layers adds depth to the network, the neural network structure
used in deep learning is called a deep neural network. Deep learning is more complex models than
classical machine learning methods due to the higher number of hidden layers. These complex models
used in deep learning can increase classification accuracy and reduce errors in regression problems,
provided that there are sufficiently large data sets. The purpose of deep learning is to ensure that all
feature extraction stages from low-level features of a raw data to high-level features are performed
automatically.
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Figure 1. Deep neural network architecture.

2.1. Convolutional Neural Networks (CNN)

Convolutional neural networks (CNN) are feedforward artificial neural networks inspired by
biological neural networks and using convolution in at least one of their layers. The concept of CNN
was first proposed by Fukushima in 1980 [20]. Later, in 1989, Lecun et al. [21] proposed the first
multilayer CNN architecture called ConvNet, which was based on Fukushima’s neocognitron. Lecun
proposed supervised training for ConvNet using the backpropagation algorithm, compared to the
unsupervised reinforcement learning algorithm used by Fukushima. The backpropagation algorithm
greatly contributed to the development of the first CNN. Studies continued to develop CNN until 1998,
and in 1998, a CNN architecture called LeNet was introduced [22]. This CNN architecture basically
consists of convolution layers, pooling layers, and fully connected layers. Figure 2 shows a block
representation of the basic CNN architecture. There are two new layers that distinguish CNN from a
typical neural network. These layers are: convolution layer and pooling layer. This architecture is
specifically designed to recognize two-dimensional data such as images and videos. In CNN, images
can be used directly as input to the network. This feature eliminates the complex feature extraction and
data reconstruction process in traditional image recognition algorithms.

D\ O °| —» Output
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[0
Input Convolution Pooling Fully Connected
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Figure 2. A basic CNN architecture.

In 1998, Lecun used the LeNet architecture in character classification on the MNIST dataset consisting
of handwritten digits [22]. Until 2000, CNNs were not used much in other computer vision areas except for
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character recognition studies. In 2006, with the increase in the computational power of Graphics Processing
Units (GPUs), it became possible to train larger networks. With this development, the LeNet architecture was
developed by different researchers and many new CNN models were created. The AlexNet architecture, which
has a deeper structure designed after the LeNet architecture, broke new ground in image classification studies
by classifying approximately 1.2 million images consisting of 1000 classes with high performance in the
ImageNet (ILSVRC) competition held in 2012 [3]. In the literature, CNN architectures such as ZFNet [23],
VGGNet [10], GoogleNet [24] and ResNet [11], which are deeper networks compared to AlexNet, have been
proposed to improve the performance of AlexNet. These architectures differ from each other in terms of the
number of layers. The ResNet model was the champion of the ILSVRC competition held in 2015. ResNet is an
architecture that is 20 times deeper than AlexNet. Scientists who analyze the high performances achieved by
CNN architectures have focused on designing new loss functions to improve both the performance and the
current architectures. In recent years, CNN-based architectures have been successfully applied in the field of
health, especially in the preliminary detection and classification of diseases [12], [13], [25], and outside the field
of health, mostly in face recognition [26], [27], hyperspectral image classification [28], [29], object detection
and object tracking [30], [31], motion recognition [32] , and remote sensing [33], [34] .

2.2. Long Short-Term Memory (LSTM)

Recurrent neural networks (RNN) are one of the groundbreaking neural network architectures in
the field of deep learning in recent years. RNN was first introduced by Rumelhart in 1986 [35]. RNN is
a type of traditional feed-forward neural networks. The term “recurrent” in this neural network indicates
that the same task is performed repeatedly for each element in the input sequence, and the output of each
of these tasks plays a role in the overall prediction by the RNN. RNN is generally preferred in cases
where the output depends on a series of inputs. Unlike traditional feed-forward neural networks, RNNs
have memory. These neural networks use internal memory to process inputs given in the form of a series.
In other deep learning methods other than RNN, computations on time series data have lower
performance. For this reason, RNN is mostly preferred in studies involving time series data such as text,
audio, video and activity classification [36]. The most commonly used RNN is LSTM. LSTM was
introduced by Hochreiter and Schmidhuber in 1997 [37]. LSTM is the most popular RNN architecture
to date, designed to solve the vanishing gradient problem of RNNs. RNNs cannot remember data for a
long time due to the vanishing gradient problem. LSTMs use a more complex repetition function that
allows remembering long-term dependencies than a normal RNN. LSTM has a strong ability to learn
and predict sequential data. A basic LSTM architecture is shown in Figure 3. Unlike RNN, LSTM has
four neural network layers. There is a forget gate, an output gate, and an update gate in the LSTM
architecture given in Figure 3, which is shown with a forget gate (sigmoid function). In the first step,
the forget gate decides which data is needed or not using the sigmoid function. In the second step, it is
decided which data will be stored in the cell state and the vector of new candidate data is calculated. In
the second step, the sigmoid function determines which data will be updated, while the tanh function
creates a vector of new candidate data. In the third step, the cell status is updated. In the last step, the
output is determined by the sigmoid function.
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Figure 3. Basic LSTM architecture.
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In recent years, LSTMs have been mostly used in human action recognition [38], sentiment
analysis [39], [40], stock market price prediction [41], traffic flow prediction [42], weather prediction
[43] and lithium-ion battery state of charge prediction [44].

2.3. Generative Deep Learning Architectures

Generative deep learning architectures are models that can generate new content from data such
as images, text, audio, or video. DALL-E, deep fake, and Generative Adversarial Networks (GANs) are
generative deep learning architectures that use different techniques to generate images from text or
modify existing images.

DALL-E is a neural network developed by OpenAl that can generate images from text titles for
a wide range of concepts that can be expressed in natural language [45]. DALL-E can create realistic
and diverse images for a wide range of concepts, objects, scenes, and transformations. It can also control
the features, viewpoints, and perspectives of the images [46].

Deep fake is a term that refers to synthetic media created using deep learning to replace the face
or voice of a person in an existing image or video [47]. Deep fake can be used for a variety of purposes,
such as entertainment, satire, or malicious intent. For example, deep fake can be used to create realistic
videos of celebrities or politicians saying or doing things they never do. Deepfake can also be used to
change the faces of actors in movies or to create realistic voice imitations [48]. GANs are deep learning-
based generative network models proposed by Goodfellow in 2014 [49]. GAN architecture consists of
two types of networks called generators and discriminators. GAN architecture was created by taking
inspiration from a two-player game. In GAN, two players correspond to the generator and discriminator,
respectively. A block representation of a basic GAN architecture is given in Figure 4. In GAN
architecture, each network has a separate task in this game played between the generator network and
the discriminator network. The task of the generator network is to create synthetic data similar to the
data in the dataset and to ensure that the discriminator cannot distinguish synthetic data from real data.
The task of the discriminator network is to determine whether a data is synthetic data or real data. GAN
is easily trained by updating the generator and discriminator alternately using the backpropagation
algorithm.

Noise

Generator Dataset

Synthetic Real
data data
<+ 3

Discriminator

Real Synthetic

Figure 4. Block representation of a basic GAN architecture.

Since 2014, GAN has been developing and has attracted great attention in recent years, especially
in the field of computer vision, in the fields of self-generating original images [46], [47], generating
high-resolution images from low-resolution images [46], and image-to-image translation studies that
transfer images to another specific area [50], and has managed to become one of the most successful
generative models. In the last five years, GAN has been successfully applied to various areas outside
the field of computer vision, such as speech and language processing [51], [52], malware detection [53],
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and chess game [54]. Figure 5 shows real face images taken from the dataset named CelebaA and the
fake face images successfully created by GAN after processing these face images.

(a) CelebA real date (b) PGGAN (c) BeGAN (d) StyleGAN

Figure 5. Real face images taken from different sources. (a) Real face images from the CelebaA
dataset, (b), (c) and (d) fake face images created by MMAs in different periods [55].

2.4. Deep Reinforcement Learning

Reinforcement learning was introduced in 1898 by Thorndike in an experimental study where he
used a trial and error procedure to determine cat behavior [56]. Reinforcement learning [57] is a process
that interacts with the environment and automatically learns to make the most appropriate decisions to
reach the goal through trial and error. In the reinforcement learning architecture, the structure called the
agent interacts with the environment and receives rewards or punishments as a result. Deep
reinforcement learning is the use of deep models in reinforcement learning. For this reason, the agent
structure in deep reinforcement learning consists of deep models, unlike reinforcement learning. A block
representation of the basic deep reinforcement learning architecture is shown in Figure 6. In this
architecture, the agent processes the state information it receives from the environment through a deep
neural network and produces an appropriate action. The environment evaluates the action taken by the
agent and provides it with reward feedback, which determines the new observed state of the system. The
agent tries to optimize its interaction with its environment by updating the neural network parameters to
maximize the rewards. Thanks to the advantages of deep neural networks in deep reinforcement
learning, the learning process of complex and high-dimensional data is automatic, fast and efficient.

1 Reward

AGENT Deep Neural Network

State Environment

Action

Observed state

Figure 6. Block representation of the basic deep reinforcement learning architecture.
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Deep reinforcement learning has begun to attract the attention of researchers as a result of its
outstanding successes in computer games. Deep reinforcement learning outperformed a professional
player in the classic Atari game in 2015, and this work has attracted great attention in the scientific world
[27]. The AlphaGo program, developed by the Google DeepMind team using the deep reinforcement
learning method, showed superhuman success by defeating the world Go champion Lee Sedol in 2016
and achieved global success [58]. Released in late 2022, ChatGPT, which uses both supervised and deep
reinforcement learning and has attracted attention in a short time, is a powerful artificial intelligence
chatbot developed by OpenAl that can generate images from text [59]. ChatGPT is a member of
OpenAl’s Generative Pre-trained Transformer (GPT) model series. GPT models are large language
models based on the transformer architecture developed by Google. The transformative architecture is
an architecture that can track the position, order, and hierarchy of all words in a sentence using attention
mechanisms and can store large amounts of contextual information and produce grammatically and
semantically meaningful texts. ChatGPT is a technology that pushes the boundaries of language models
and raises new research questions. ChatGPT has inspired researchers to understand how language
models can be better trained, evaluated, optimized, explained, and secured [60]. ChatGPT was built on
the GPT-3.5 model in 2022 and transitioned to the GPT-4 model in 2023. While GPT-3.5 has 175 billion
parameters, GPT-4 has 1 trillion parameters. This means that ChatGPT can process more data and
produce more natural and diverse texts [61]. ChatGPT allows users to guide and optimize a conversation
according to their desired length, format, style, level of detail, and language. In each chat phase, previous
requests and responses are considered as a context and ChatGPT produces text in accordance with this
context [29]. ChatGPT started as a chatbot and has been used in various applications in different fields
over time. ChatGPT can be used in sectors such as education, health, entertainment, business, art, music,
gaming, software development [62]. In recent years, deep reinforcement learning has been used in many
interesting areas such as the online game Dota 2 [31], poker game [63], chess game [17], robotics [64],
self-driving cars [65], chemical reaction optimization [66], recommendation systems [67].

2.5. Siamese Neural Networks

Another remarkable model used in the field of deep learning is Siamese networks. Siamese
networks were first proposed by Bromley and LeCun in the 1990s for the signature verification problem
[68]. Siamese Neural Networks are an architecture formed by combining subnetworks with the same
parameters and weights [69]. The basic structure of the network is the combination of twin networks fed
by two different inputs with an energy function. In order to find similarities in the input data, feature
vectors are compared in the subnetworks. A block representation of a basic Siamese network
architecture is given in Figure 7. In the Siamese network, two different input data are passed through
neural networks with the same structure that share the same weights and parameters, resulting in two
feature vectors. The difference between the feature vectors is found by means of a function, and the
similarity rate between the two input data is found. According to the similarity rate, how similar the two
input data are to each other is interpreted.

Feature
vector

Input image 1 > CNN Lot Differencing layer
Similarity
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. - »
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Figure 7. Block representation of the basic Siamese network architecture.
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This architecture requires more training time than CNN architectures such as ResNet and
AlexNet. However, it has the ability to learn with a smaller training set [70]. Siamese networks are now
commonly used in tasks such as finding similarities and relationships between two similar objects and
in verification systems. The ability to learn from small data has made Siamese networks popular,
especially in signature verification [71] and face recognition [72] . Siamese networks are also used in
areas such as classification [73], prediction and signal processing [74].

2.6. Capsule Networks

In the late 1990s, Geoffrey Hinton and his colleagues proposed capsule neural networks, which
model the tree structure of data and the relationship between segmentation and recognition. Capsule
networks are a member of OpenAl’s GPT model series. The paper proposed an architecture in which a
group of neurons called capsules encode the features and probabilities of an entity and are transferred
to the next level capsules with an algorithm called dynamic routing. This architecture, unlike CNNs, can
learn how parts of objects in images fit together as a whole and how they change from different
perspectives [75]. A block representation of the basic capsule network architecture is given in Figure 8.
In the convolution layer, as in CNNs, filters or kernels are used to create feature maps from the input
data. In image processing tasks, convolution operations are applied on the input images to create feature
maps in this layer. This layer helps detect specific features (edges, corners, etc.) in images. The primary
capsule layer works on the outputs of the convolution layer. In this layer, the outputs of the convolution
layer are converted into groups called capsules. Each capsule represents a particular feature. This layer
helps in converting lower level features into higher level representations. The digit capsule layer takes
the outputs of the primary capsule layer and is used to perform object recognition or classification tasks.
In this layer, a mechanism called routing by agreement is used to model the relationships between
capsules belonging to different classes. Each digit capsule represents a class and encodes the features of
objects belonging to that class. This layer is usually terminated with an activation function such as
softmax for classification, so that the probability of each capsule belonging to a particular class is
calculated.
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Figure 8. Block representation of the basic capsule network architecture.

Capsule networks have been used in various fields such as hyperspectral image processing,
medical image processing, face image processing, text classification, object detection, image
segmentation, few-sample learning [76]. In these fields, capsule networks have provided advantages
such as higher accuracy, lower complexity, less data requirement, better noise tolerance, better
transformation and scale change resistance compared to CNNss. It is expected that capsule networks will
be used in more fields and applications in the future. Capsule networks are related and comparable to
other Al models such as CNNs and transformers. Capsule networks can bring forth new problems,
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opportunities, and solutions in Al research. Capsule networks can contribute to the development and
widespread use of Al [77].

2.7. Geometric Deep Learning

Geometric deep learning is a research field that generalizes deep learning methods to model and
exploit the underlying geometric structures of data [78]. Geometric deep learning attempts to explain
different aspects of data using concepts such as grid, group, graph, geodesic, and indicator. In the 2000s,
with the explosion of deep learning, geometric deep learning has also developed in various methods
[79]. Geometric deep learning has become popular by achieving significant results in many application
areas such as computer vision, natural language processing, chemistry, biology, and social network
analysis [80]. Applications of geometric deep learning can be seen wherever the geometric structure of
data is important or useful. For example, in computer vision, geometric deep learning has been used in
many areas such as image classification, object recognition, face recognition, image synthesis, image
retrieval, image shifting, image segmentation, video analysis, 3D image processing, computed
tomography, medical imaging, and biometric recognition [79]. In natural language processing,
geometric deep learning has been used in areas such as word embeddings, text classification, text
summarization, text generation, machine translation, sentiment analysis, question-answer systems,
dialogue systems, and information extraction [81]. In chemistry, geometric deep learning has been used
for modeling and prediction of molecular structures, properties, interactions, and reactions [82]. In
biology, geometric deep learning has been used for protein structure, function, folding, binding,
interaction, and evolution [83]. In social network analysis, geometric deep learning has been used to
analyze the structure, dynamics, communities, propagation, influence, and security of social networks
[84]. The future of geometric deep learning seems bright from both theoretical and applied perspectives.
Figure 9 summarizes the variety and applications of different data structures such as grids, groups, graph
structures, and geodesics used in geometric deep learning.

Grids Groups Graphs Geodesics & Gauges

Figure 9. 5G of Geometric Deep Learning: grids with spherical symmetry, groups and homogeneous
spaces, graphs, geodesics on manifolds, and metrics and indicators [78].

Geometric deep learning offers an opportunity to better understand the fundamental mathematical
principles and physical realities of deep learning. Geometric deep learning provides a means to improve
the performance, robustness, efficiency, interpretability, and expressiveness of deep learning models.

2.8. Vision Transformers

Vision transformers are a model that uses a transformer-like model for image processing tasks.
Vision transformers have gained popularity in recent years due to their performance equal to or better
than that of CNN in many computer vision tasks such as image classification [85]. The evolution of
vision transformers dates back to a history as old as transformers themselves.
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Transformers emerged in the 2017 paper titled “Attention is all you need” [86]. Transformers are
a deep learning model that adopts a self-attention mechanism that weights the importance of each piece
of input data differently. Transformers have become the preferred model for natural language processing
problems in recent years, replacing CNN models such as LSTM [87].
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Figure 10. Image transformer architecture.

Figure 10 shows the basic structure of the vision transformer architecture. The image is first
divided into fixed-size patches, each patch is flattened, and linear projection is applied to transform it
into a series of vectors. Position information is added to these vectors to obtain “Patch + Position
Embedding”, and then these vectors are sent to the Transformer Encoder layer. Transformer Encoder
learns the relationships between these patches using the attention mechanism and combines the visual
information. Finally, classification is performed using a Multi-Layer Perceptron (MLP) head. Vision
transformers exhibit quite successful performance in image classification by considering the contextual
relationships between the patches of the images.

Vision transformers use a self-attention mechanism that weights the importance of each patch of
the image differently. This allows to better capture the relationships between different regions of the
image and model long-range dependencies. CNN uses kernels to capture local features, but requires a
large number of layers to establish connections between distant regions [88]. Vision transformers use
location embedding to encode the location and orientation of the data while preserving the grid structure
of the image. This makes image converters robust against operations such as transformation, scaling,
reflection, etc. CNN has less location sensitivity compared to image converters, but requires more
parameters [89]. Image converters generalize and simplify the converter architecture for image
processing. Image converters use fewer layers, fewer operations, and fewer hyperparameters compared
to CNN. Geometric concepts such as grid, group, graph, geodesic, and gauge are used in image
converters to describe different aspects of image data [90].

2.9. Explainable Deep Learning Approaches

Explainable Deep Learning Approaches are a research area developed to better understand and
interpret the decisions and decision-making processes of deep learning models [91]. Explainable Deep
Learning Approaches have gained popularity recently because deep learning models need to be
understandable and reliable by humans when used in critical areas such as healthcare, law, finance and
security.

Explainable Deep Learning Approaches are useful for many real-world needs and applications
such as model validation, model debugging and model discovery [91]. Model validation is used to

105



Middle East Journal of Science (2025) 11(1):96-115 https://doi.org/10.51477/mejs.1640908

evaluate whether the model behaves as intended in the real world. Model debugging is used to reveal
hidden biases or deficiencies of the model and find solutions. Model discovery is used to discover the
hidden capabilities or potentials of the model [92].

Explainable Deep Learning Approaches show which parts of the input the model pays attention
to, which features it learns, which factors affect the predictions and what evidence it provides [93].
Explainable Deep Learning Approaches provide an opportunity to better understand the underlying
mathematical principles and physical realities of deep learning models. Explainable Deep Learning
Approaches explain how the model uses the underlying concepts of the data, such as geometric, group,
graph, geodesic, and gauge [94].

Explainable Deep Learning Approaches provide a means to increase the performance, robustness,
efficiency, interpretability, and expressiveness of deep learning models [94]. Explainable Deep Learning
Approaches provide a path to increase the scope, diversity, impact, and value of deep learning
applications. Explainable Deep Learning Approaches offer a vision to push the boundaries of deep
learning and solve new problems.
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Figure 11. Explainability approach in deep learning models.

Figure 11 shows how deep learning processes are addressed with two different approaches in
terms of explainability. In the upper part of the figure, it is emphasized that the deep learning process
produces results through a learning function, but the decision mechanism in this process may be
incomprehensible to the user. This structure, where the user asks the question “How?”, represents the
nature of classical deep learning models that lack explainability. In the lower part, it is seen that an
explainable deep learning model provides reliability and understanding to the user by providing not only
a result but also a comprehensible explanation. The explainable model and interface involve the user in
the process and enable them to reach the conclusion “I understand.” In this way, explainable deep
learning makes it easier for users to understand the decision mechanisms of the model.

Explainable Deep Learning Approaches have been used in many fields such as natural language
processing, chemistry, biology, social network analysis. In natural language processing, Explainable
Deep Learning Approaches have been used in areas such as word embedding, text classification, text
summarization, text generation, machine translation, sentiment analysis, question-answer systems,
dialogue systems, and knowledge extraction [95]. In chemistry, Explainable Deep Learning Approaches
have been used for modeling and prediction of molecular structures, properties, interactions, and
reactions [96]. In biology, Explainable Deep Learning Approaches have been used for protein structure,
function, folding, binding, interaction, and evolution [97]. In social network analysis, Explainable Deep
Learning Approaches have been used to analyze the structure, dynamics, communities, spread,
influence, and security of social networks [98].
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3. Ethical and Societal Implications of Deep Learning

Deep learning has revolutionized various industries, including healthcare, finance, and
autonomous systems, enabling significant advancements. However, as these models become integrated
into daily life, they bring ethical concerns and societal implications. The widespread use of deep learning
raises critical questions regarding bias, fairness, privacy, security, and its impact on the workforce.
Addressing these issues is essential to ensuring that deep learning models serve humanity responsibly
and equitably.

One of the major ethical concerns in deep learning is bias and fairness. Many deep learning
models inherit biases from the large datasets they are trained on, leading to discriminatory outcomes
[99]. For example, facial recognition systems have been found to exhibit lower accuracy for individuals
with darker skin tones due to imbalanced training data. Similarly, Al-driven hiring systems have shown
gender biases, favoring male candidates over female applicants based on historical employment data
[100]. Such biases can reinforce existing societal inequalities and undermine trust in Al systems [101].
Researchers are working on techniques such as algorithmic fairness, diverse dataset curation, and bias
auditing to mitigate these risks. Ensuring fairness in deep learning models requires continuous efforts to
identify and rectify biases throughout the development process.

Privacy and security concerns also pose significant challenges in deep learning applications.
Many Al models rely on extensive user data, raising concerns about data misuse and surveillance. For
instance, large-scale language models collect vast amounts of text data, potentially exposing sensitive
user information. Additionally, adversarial attacks on deep learning models can manipulate outputs,
leading to security vulnerabilities in applications such as autonomous driving and medical diagnostics
[102]. To counter these threats, privacy-preserving Al techniques such as federated learning and
differential privacy are being developed. These methods enhance data security while maintaining model
performance, ensuring that Al systems respect user confidentiality.

The impact of deep learning on the job market is another pressing issue. Al-powered automation
is transforming industries by replacing repetitive and routine tasks with machine-driven solutions,
resulting in job displacement, particularly in sectors such as manufacturing, customer service, and
finance. However, deep learning also creates new opportunities, such as Al ethics consulting, machine
learning engineering, and Al model auditing. To adapt to these changes, governments and institutions
must invest in workforce reskilling programs, equipping individuals with the skills needed to thrive in
an Al-driven economy [103].

Ensuring responsible Al development is essential for addressing these ethical and societal
challenges. Explainable Al (XAl) is a growing field focused on making deep learning models more
transparent and interpretable. Traditional deep learning models often operate as "black boxes," making
it difficult to understand how decisions are made. By developing techniques that provide insights into
model behavior, researchers can increase trust in Al systems and enable users to verify decisions.
Additionally, regulatory frameworks and ethical guidelines must be established to govern Al
applications [104]. Organizations such as the European Union and OpenAl are already working on
policies that promote Al transparency, accountability, and fairness.

Looking ahead, the future of deep learning presents both opportunities and challenges. While Al
has the potential to enhance human capabilities and solve complex problems, it must be developed with
ethical considerations in mind. The rise of Artificial General Intelligence (AGI) further complicates
ethical discussions, as models surpassing human intelligence may pose unforeseen risks [105].
Researchers, policymakers, and industry leaders must collaborate to ensure that deep learning
technologies align with societal values and contribute positively to the world.
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In conclusion, deep learning is a powerful tool with far-reaching implications. Addressing issues
related to bias, privacy, security, and employment is crucial to fostering responsible Al deployment. By
prioritizing fairness, transparency, and accountability, the Al community can build trust in deep learning
systems and harness their potential for the benefit of all.

4. Discussion

Deep learning has achieved significant advancements across various domains, yet challenges
remain. A key issue is the reliance on large labeled datasets, which can be costly and raise privacy
concerns. Techniques like self-supervised and federated learning aim to address this by reducing
dependency on extensive labeled data.

Computational complexity also poses limitations, making deep learning models resource-
intensive. Efficient architectures, pruning, and quantization techniques can help mitigate these
constraints. Another concern is the lack of interpretability, which hinders deployment in critical areas.
Explainable Al (XAI) methods are being developed to increase model transparency and trust.

Security vulnerabilities, such as adversarial attacks, threaten the reliability of deep learning
models. Robust training techniques and defense mechanisms are being explored to enhance resilience.
Additionally, ethical concerns like algorithmic bias and job displacement require proactive solutions,
including bias mitigation and responsible Al policies.

Despite these challenges, the future of deep learning is promising. Advances in geometric deep
learning, reinforcement learning, and self-supervised methods will further expand Al capabilities.
Addressing these issues will ensure deep learning continues to drive innovation and positive societal
impact.

5. Conclusion

Deep learning methods have shown rapid development with the increase in data amounts due to
advances in technology. Nowadays, many deep learning methods have been developed to solve various
complex problems. In this study, general information about the concept of deep learning and its
historical development is provided. Then, information is given about the popular models of deep
learning that have achieved significant success in recent years, such as CNN, LSTM, Generative deep
learning architectures, deep reinforcement learning, Siamese neural networks, capsule networks,
geometric deep learning, vision transformers, explainable deep learning, and GANs. The historical
development of these deep learning models is examined, and studies demonstrating their high
performance are discussed. Additionally, a detailed review was conducted on the popular application
areas of each model over the last decade. Finally, the ethical and societal implications of deep learning
were discussed. This study provides information to researchers about method selection based on
problem types and highlights the latest innovations in deep learning.
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Abstract: Pesticides are chemical substances widely used in modern agriculture to enhance crop
productivity and combat pests. However, the uncontrolled and widespread use of pesticides poses
significant threats to both the environment and human health. This study examines the public health
impacts of pesticides, focusing on exposure pathways, health effects, and prevention strategies. The
study highlights that exposure to pesticides primarily occurs through inhalation, dermal contact, and
the consumption of contaminated food and drinking water, emphasizing that vulnerable groups such
as children, pregnant women, and agricultural workers are particularly at risk of experiencing severe
health issues. In addition to acute poisonings, long-term low-dose exposure has been scientifically
linked to chronic diseases, including cancer, neurological disorders, and endocrine disruptions. The
study also elaborates on primary, secondary, and tertiary prevention strategies within the framework
of public health and offers recommendations regarding alternative agricultural practices and
regulatory measures. In this context, effective monitoring, education, the promotion of alternative
methods, and the enhancement of public awareness are necessary to reduce the harmful effects of
pesticides.
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1. Introduction

Pesticides are chemical or biological substances used to kill, control, or repel harmful
organisms. In recent years, the use of pesticides has significantly increased in order to meet the
growing global demand for food [1, 2]. However, the indiscriminate use of these chemicals poses
serious threats not only to pests but also to human health, the environment, and ecosystems [3, 4].
These substances may be applied directly or indirectly to plants, seeds, soil, or water. Based on the
type of pests they target, pesticides can be classified as follows:

¢ Insecticides: Effective against insects

¢ Herbicides: Destroy weeds

¢ Fungicides: Target fungal pathogens

¢ Rodenticides: Eliminate rodents such as rats and mice

¢ Others: Including acaricides, bactericides, nematicides, etc.

Some pesticides are lipophilic (fat-soluble), which enables them to accumulate in body fat and
potentially lead to long-term toxic effects [5, 6, 7]. Their widespread use in both agricultural and
domestic environments represents a significant threat to public and environmental health. Due to their
persistent nature, these chemicals can remain in the environment for long periods and gradually enter
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the food chain [8]. The health impacts of pesticides today are not limited to acute poisoning; numerous
scientific studies have linked them to a broad range of chronic diseases, including cancer, neurological
disorders, congenital anomalies, endocrine disruption, and reproductive health issues [2, 9, 10].

Although pesticide use continues to rise, inadequate monitoring of residues and limited adoption
of alternative pest control methods have intensified the problem. While many countries—particularly
within the European Union—have implemented stricter pesticide regulations, public health risks
remain high in developing and underdeveloped nations due to insufficient enforcement and a lack of
public awareness [11, 12]. Pesticide residues have been detected in a variety of foods and beverages,
including fruit juices, wine, water, snacks, and poultry feed. Research has shown that simple washing
and peeling are not enough to remove these residues. Furthermore, the detection of pesticide residues
in breast milk indicates the possibility of fetal exposure. Collectively, these findings indicate that
pesticides represent one of the most pressing public health challenges of our time [13, 14].

2. Routes of Exposure

Pesticide exposure varies depending on an individual's lifestyle, occupation, living environment,
and consumption habits. The level and duration of exposure are among the primary factors influencing
health. Agricultural workers, individuals living in rural areas, and children are particularly at higher
risk of exposure to these substances [9, 15].

In general, pesticide exposure occurs through four main routes: inhalation, dermal contact,
ingestion through food, and contaminated drinking water.

2.1. Inhalation Exposure

Most pesticides are applied in agricultural settings via spraying techniques. During this process,
acrosols and vapors released into the air can remain suspended and disperse throughout the
environment. Not only applicators but also nearby individuals can be exposed to these airborne
pesticide particles through inhalation [16].

It has been observed that pesticides can be carried several hundred meters under windy
conditions [3]. Numerous studies have reported a high prevalence of acute respiratory illnesses and
asthma-like symptoms among agricultural workers [17].

2.2. Dermal Exposure

Dermal contact represents one of the most common exposure routes, particularly for agricultural
workers and pesticide applicators. During application, pesticides can be absorbed through exposed
areas such as the hands, arms, and face. Many pesticides, due to their lipophilic nature, can easily
penetrate the skin barrier [17, 18].

In the absence of appropriate protective equipment, pesticides have been documented to cause
skin irritation, redness, and systemic absorption, and in some cases, serious poisoning [7, 19, 20].

2.3. Dietary Exposure

The primary route of pesticide exposure for consumers is through the ingestion of fruits and
vegetables containing pesticide residues. If the pre-harvest interval is not adequately observed after
pesticide application, residue levels in the produce may increase. High-risk products include
strawberries, peppers, lettuce, and grapes [21, 22].

2.4. Waterborne Exposure

Some pesticides can contaminate surface and groundwater sources, thereby polluting drinking
water supplies. This represents a significant health risk, especially for populations living in regions
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with intensive agricultural activity. The magnitude of this risk depends on the solubility, half-life,
adsorption capacity, and biodegradability of the pesticide compounds [23].

2.5. Determinants of Exposure

The health impact of pesticide exposure must be evaluated considering the type of pesticide,
dosage, duration of exposure, and individual factors such as age and health status. For instance,
children are more vulnerable due to higher food intake per body weight and immature detoxification
systems [15, 16].

Moreover, certain pesticides can cross the placental barrier during pregnancy and directly affect
fetal development [24].

3. Acute and Chronic Health Effects

Health problems caused by pesticide poisoning can be examined in two groups: acute (short-
term exposure to high doses) and chronic (long-term exposure to low doses). Acute effects are more
commonly seen in groups that are in close contact with pesticides, such as agricultural workers and
spraying personnel. Chronic effects, on the other hand, are more widespread in the general population
and often progress insidiously without noticeable symptoms. While acute effects are often dramatic
and prompt immediate clinical attention, chronic effects frequently remain unnoticed until irreversible
damage has occurred [2, 9, 11, 25].

3.1. Acute Health Effects

Acute pesticide poisonings generally occur as a result of short-term exposure to high doses
during pesticide applications. They are most frequently encountered among agricultural workers.
Especially in developing and underdeveloped countries, such poisonings are common due to the lack
of protective measures such as masks and protective equipment [3, 9].

Acute toxic effects may appear within a few minutes to several hours after pesticide exposure.
Poisoning affects not only peripheral muscarinic and nicotinic receptors but also the central nervous
system. Symptoms of acute pesticide poisoning include nausea, vomiting, diarrhea, abdominal cramps,
urinary incontinence, miosis, excessive salivation, lacrimation, bronchorrhea, bradycardia,
hypotension, twitching, muscle paralysis, dizziness, confusion, seizures, coma, and respiratory failure.
These effects can appear immediately upon exposure. Moreover, if not treated promptly and
appropriately, life-threatening complications may occur, leading to death [8].

The severity of these symptoms depends on the dose and type of pesticide. The most common
types of poisoning are associated with organophosphate and carbamate pesticides. Globally,
approximately 3 million pesticide poisoning cases occur each year, with around 220,000 resulting in
death. The vast majority of these cases are reported in low- and middle-income countries in Africa,
Latin America, and Asia [3, 9].

Most deaths result not from occupational or accidental exposure via skin contact or inhalation,
but from intentional ingestion in suicide attempts. Overall, the pesticide poisoning mortality rate has
been decreasing as newer and safer pesticides are incorporated into global agricultural practices and
more toxic pesticides are phased out. This effect has been clearly observed in Sri Lanka and China,
where the number of pesticide-related suicides has dropped by over 70% in the last two decades [26].

According to data from the Turkish Ministry of Health, more than 5,400 acute pesticide
poisoning cases were reported between 2018 and 2022. The majority of cases were observed in
individuals working in the agricultural sector [27].
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3.2. Chronic Health Effects

Chronic pesticide exposure occurs over a long period and usually at low doses; thus, symptoms
develop slowly and are often noticed too late. However, the effects may be much more persistent and
severe compared to acute poisonings [2, 11].

3.2.1 Cancer Risk Associated with Pesticide Exposure

Numerous epidemiological studies have shown significant associations between pesticide
exposure and certain types of cancer such as prostate, leukemia, lymphoma, and breast cancer [25, 28].
Some pesticides can directly damage DNA, leading to mutations and tumor development [29].

In particular, studies on herbicides and insecticides have revealed an increased risk of colon and
rectal cancer [30].

3.2.2 Neurological and Psychiatric Effects

The effects of pesticides on the central nervous system have been linked to depression, anxiety,
cognitive decline, and Parkinson’s disease [31, 32].

3.2.3 Endocrine System Disorders

Some pesticides are classified as endocrine-disrupting chemicals (EDCs). These chemicals can
interfere with the functions of hormones such as thyroid, estrogen, and insulin. This can lead to health
problems such as developmental delays, obesity, infertility, and thyroid diseases, particularly in
children [33-35].

3.2.4 Reproductive and Developmental Effects

Pesticide exposure may increase the risk of reproductive problems such as decreased fertility in
women, abnormal births, irregular menstruation, premature birth, miscarriage, stillbirth, congenital
abnormalities, and low birth weight [36]. There are also studies showing that some pesticides reduce
sperm quality and may cause infertility in men. Furthermore, pesticides that can cross the placental
barrier may directly affect fetal development and lead to undesirable outcomes [37].

3.2.5 Effects on the Immune System

Some types of pesticides may suppress the immune system and increase susceptibility to
infections. They have also been shown to be associated with autoimmune diseases [18]. Scientific
studies have demonstrated that pesticides such as atrazine (ATR), organophosphates (OP), carbamates,
and pyrethrins can impair the survival and growth of leukocytes by inducing apoptosis or cell cycle
arrest and interfering with the specific immunological functions of immune cell types [38].

4. Global and Local Pesticide Usage Rates

According to FAO (2022) data, global pesticide use in 2021 was approximately 4.1 million tons,
representing an increase of more than 60% compared to 1990. Several factors have contributed to this
significant rise. One of the primary reasons is the widespread adoption of monoculture farming
systems, which are more vulnerable to pest infestations. Additionally, the development of resistance to
pesticides among pests has led to the need for increased application. Climate change has also played a
role by creating conditions that favor the growth and spread of pest populations. Furthermore, high
yield expectations and economic pressures have driven farmers to rely more heavily on pesticides to
protect their crops and maximize production [12, 39].

The countries that use the most pesticides are China (approximately 1,800,000 tons), the United
States (around 400,000 tons), and Brazil (about 380,000 tons) [12].
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Active ingredients such as glyphosate, chlorpyrifos, and mancozeb are among the most
commonly used pesticides globally [29].

Pesticide use in Turkey has shown a significant increase over the past 10 years. According to
data from TURKSTAT and the Ministry of Agriculture and Forestry, approximately 62,300 tons of
pesticides were used in 2023. This amount is nearly double the usage in 2010 [40].

In inspections conducted by the Ministry of Agriculture and Forestry, the issue of pesticide
residues in food in Turkey is notable. In 2022, it was found that 7.6% of fruit and vegetable samples
analyzed exceeded the maximum residue limit (MRL) [40]. The average pesticide use among
European Union member countries is 3.5% [21].

In Turkey, Antalya is the province with the highest pesticide use, while Ardahan uses the least.
The Mediterranean Region accounts for the highest pesticide use due to its diverse crop cultivation,
whereas the Black Sea Region uses the least. In 2020, the most used pesticide groups in Turkey were
fungicides (38.4%), herbicides (27.4%), and insecticides (23.0%), respectively. An examination of the
top three provinces with the highest pesticide use reveals that fungicides were the most common in
Antalya (38.3%) and Manisa (81.0%), while insecticides were predominant in Adana (65.2%) [41]

As of 2021, the average pesticide use per hectare in Tirkiye was 2.26 kg. This amount is lower
than the European Union average (3.20 kg/ha) but higher than the global average (1.07 kg/ha). While
herbicides account for the largest share of pesticide use per unit area worldwide (21.92%), fungicides
and bactericides have the highest share in the EU (43.18%) and in Tiirkiye (36.06%). This indicates
that pesticide use in Tiirkiye is particularly concentrated on combating fungal and bacterial diseases
[42].

To assess compliance with maximum residue limits (MRLs) of pesticides, the most commonly
used methods include the QUEChERS extraction technique combined with LC-MS/MS or GC-MS/MS
analysis. These methods allow for the simultancous and highly sensitive detection of multiple
pesticide residues. The results of such analyses play a critical role in identifying potential health risks
when MRLs are exceeded and in ensuring consumer safety [43].

5. Strategies for Minimizing Pesticide Exposure

To mitigate the harmful effects of pesticides on human health and the environment, it is crucial
to develop multifaceted protection strategies at individual, societal, legal, and political levels. In
addition, it is imperative to promote sustainable and environmentally conscious agricultural practices
as viable alternatives to traditional chemical control methods [2, 9, 44].

5.1. Primary Prevention: Preventing Exposure
At this level, the primary objective is to prevent pesticide exposure before it occurs, thereby
safeguarding society from potential health risks:

5.1.1 Personal Protection Methods

The use of personal protective equipment (PPE) by pesticide applicators significantly reduces
direct exposure. Equipment such as gloves, masks, and protective eyewear acts as a physical barrier
against pesticide residues. Furthermore, compliance with hygiene and safety protocols by applicators
plays a pivotal role in preventing exposure [3, 45, 46].

5.1.2 Food Cleaning and Preparation Techniques

Consumers can mitigate pesticide residues by thoroughly washing fruits and vegetables with
abundant water, peeling products with peelable skins, and opting for organic produce. However, it
should be noted that washing and peeling may not completely eliminate pesticide residues [47].
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5.1.3 Education and Awareness Programs

The dissemination of educational programs has been shown to reduce pesticide application
errors and poisoning incidents. Tailoring educational programs to specific target groups (such as
farmers, children, and consumers) will be more effective. Social media campaigns can also play a
significant role in raising awareness about pesticide use [48, 49].

5.1.4 Legal Measures and Inspections

The frequency and scope of inspections should be increased; residue analyses must be
conducted routinely for both domestic and export products [21]. Additionally, legal authorities should
enforce the prohibition or restriction of hazardous pesticides [9].

5.1.5 Alternative Practices

Organic farming represents a production model where the use of synthetic chemical pesticides
is strictly prohibited. Pest management is accomplished through natural methods, with an emphasis on
biological and physical interventions. The risk of pesticide residues in organic products is negligible.
However, due to production costs and the challenges associated with inspections, continuous support
for organic farming is essential [47, 50].

5.1.6 Biological Control

This method involves the use of natural predators of harmful organisms (such as predatory
insects, parasitoids, etc.). For example, Bacillus thuringiensis is highly effective against lepidopteran
larvae [51].

5.1.7 Digital and Technological Solutions

Advancements in agricultural technologies present significant opportunities for reducing
pesticide use. These include disease and pest detection using sensors and IoT devices, as well as
precision spraying through drone and GPS technology [52, 53].

5.2. Secondary Prevention: Early Detection and Intervention

The goal at this stage is to identify individuals exhibiting early symptoms in order to limit the
effects and prevent the progression of the disease:

5.2.1 Toxicological Screening and Biological Monitoring

Regular testing for individuals working with pesticides, including measurements of blood
cholinesterase levels and liver and kidney functions [2, 54, 55].

5.2.2 Poisoning Surveillance Systems

Public health institutions should actively utilize pesticide poisoning reporting and recording
systems, and early identification of high-risk areas should be implemented [27, 56]. Turkey lacks
adequate monitoring and registration systems for pesticides. Comprehensive studies and effective
systems are needed in these areas.

5.2.3 Community-Based Screening

Neurological, endocrine, and psychological health screenings should be conducted for
populations residing in areas with intensive pesticide use [57, 58].
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5.3. Tertiary Prevention: Damage Reduction and Rehabilitation

The objective at this level is to prevent permanent damage and enhance the quality of life in
individuals who have suffered health damage due to pesticide exposure:

5.3.1 Treatment in Centers with Toxicology and Neurology Specialization

Patients who have been poisoned should undergo appropriate rehabilitation and
multidisciplinary follow-up.

5.3.2 Psychosocial Support

Psychological support should be provided for conditions such as depression, anxiety, or
cognitive disorders that may develop following pesticide exposure. Additionally, given that a
significant portion of acute pesticide poisonings is suspected to be related to suicide attempts, the
importance of psychosocial support becomes even more evident.

5.3.3 Discontinuation of Exposure for Poisoned Workers
Workers who have developed chronic health issues due to pesticide exposure should be
reassigned to alternative roles and provided with social security support [26, 59, 60].

6. Conclusion

To ensure effective control over pesticide use, licensing and regulatory inspection processes
should be enhanced through greater transparency and stricter enforcement. Additionally,
comprehensive education and awareness programs must be implemented at both the producer and
consumer levels to foster informed decision-making and promote safer agricultural practices.
Strengthening adherence to international agreements is crucial for the complete elimination of banned
pesticides. In addition, offering financial and technical assistance for sustainable agricultural practices,
including organic farming, is crucial for decreasing reliance on hazardous chemical inputs.

Addressing the challenges posed by pesticide use requires solutions that are not limited to
individual actions but are instead grounded in systematic, science-based, and sustainable approaches.
Such strategies are essential to ensuring the long-term viability of agricultural production while
simultaneously protecting public health.
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