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Abstract

With the development of Intelligent Transportation Systems (ITS), the transportation sector is experiencing a major transformation. Other
realized systems are just one example of innovative solutions, and it is expected that such technologies will become more widespread and an
integral part of our lives in the future. This study aims to increase both the safety of users and the efficiency of transportation by taking these
technologies one step further. The software we developed combines security technologies such as facial recognition and QR code to provide a
safe and practical transportation solution that can be applied on a global scale. In the future, it is aimed for this system to be used in more
countries around the world and to play an important role in the digitalization process of public transportation. The necessary experimental
studies on face recognition were given in a table. Our application was developed using languages such as Html, Css, Bootstrap, Jquery,
JavaScript, Ajax in the frontend and Python, Php, MySQL in the backend.

Keywords: “Virtual Wallet, face recognition, two-step verification.”

1. Introduction

With the impact of Industry 4.0, advances in technology have radically changed our lives. Especially in developed countries,
these advances are also leading to revolutionary innovations in the transportation sector. Technology-based solutions are being
developed in transportation services to minimize potential problems in traffic patterns and prevent errors. This is where ITS
come into play. ITSs envisage the use of information-based systems in transportation that include multi-faceted analysis and
control mechanisms for many purposes in order to increase traffic safety, facilitate payment transactions, shorten travel times,
use road capacities more effectively and reduce environmentally harmful emissions [1]. Many different studies and projects are
being carried out on this subject around the world and in our country. One of the sustainable transportation solutions is to shift
travel to public transportation types [2]. In the general literature, the 1970s are accepted as the basic period for intelligent
transportation systems, and in the relevant years, studies and trials were carried out in which intelligent transportation systems
were operated, especially in South Korea, Japan, America and Europe [3]. Solutions that are actively designed in the architectural
structure of smart transportation system data require innovative technology accumulation and trained human resources. The use
of big data in public transportation companies has become widespread as of 2013. The data that creates the business-based smart
transportation system ecosystem has reached trillion bytes to Petabytes with the development of smart transportation
technologies [4]. ITS contributes significantly to the reduction of traffic problems in cities by improving the quality of public
transportation services. With the continuous population growth in cities, the problem of inadequacy of resources to meet demand
arises. Recent technological developments, especially the advancement of wireless communication and artificial intelligence
technology, support the rapid development of intelligent transportation systems. Efforts to find solutions to transportation
problems are supported by various studies. For example, Capali [5] examined the advanced technology ITS usage areas around
the world and discussed the traffic software and highway applications in Turkey. This study revealed that traffic technologies in
Turkey are insufficient and the use of ITS is necessary. Koz [6] examined the transportation policies in our country and discussed
the issues of urban transportation and ITS. Today, rapidly developing information technologies have brought about the concept
of ITS. Yildirim [7] emphasized the importance of ITS technologies in disaster emergency management. This architecture can be
built as a result of comprehensive studies involving all system stakeholders. In addition to these studies, the article by Bodur [8]

! Corresponding Author
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states that comfort-based transportation investments should be increased and that it is important to determine national strategies.
Also noteworthy is the study by Kenanoglu and Aydin [9], in which they discuss the measures that need to be taken to spread
ITS to a wider area. In the light of these studies, it is understood that steps such as the dissemination of smart card systems and
the development of mobile solutions supported by information systems are important. These studies generally cover the areas of
ITS parking systems, traffic control, traffic planning and flow optimization, and driving safety. There are different studies for
pricing systems outside these areas. However, these studies could not provide complete comfort and safety for passengers.
Among the projects carried out for pricing systems, applications such as Smart Card and Payment Systems stand out. ITS
applications are generally based on technologies such as Radio Frequency Identification (RFID), Near Field Communication
(NFC), Quick Response (QR) Code, Contactless Credit Card and Validator. It is known that these technologies contribute to
making transportation more efficient, reliable and environmentally friendly [10]. The ITS user services and service classification
table developed by ISO for developing countries serves as a guide when creating the ITS architecture of countries [9]. In our
country, ITS applications are considered a natural choice, especially when considering the intensive use of buses, minibuses,
metro and rail systems in urban transportation [11]. Smart Card and Payment Systems are systems that allow passengers to use
public transportation without paying cash during travel. User information and movements can be stored in these systems and
institutions can use this information to make feedback or provide personal information. Smart Cards can be integrated with
various services; for example, student cards can be used in different services such as transportation and food. These cards have
chips that can store and process data, and payment transactions are carried out through card readers [12]. However, smart card
systems may not always work safely and smoothly. Passengers may create security gaps by using other people's cards and may
encounter problems during payment. In addition, the loss of time experienced during the money loading phase is among the
disadvantages. The security problems that occur may pose serious dangers to the society. Current public transportation systems
may also expose drivers to rights violations. Along with negative results such as loss of time and rights violations, this situation
may cause various problems for the society. Due to this, it is aimed to eliminate these problems by carrying out different projects
for the charging systems under the articles of ITS [13]. To prevent these problems, Moscow authorities announced that they have
launched a new payment method based on facial recognition technology called "Face Pay" in the city's metro stations.
Authorities state that Moscow is the first city to use facial recognition technology on this scale. The new payment system
operates in more than 240 stations in the Moscow metro system, which is used by approximately 9 million people daily. It is
thought that Face Pay will provide great convenience, especially when passing through turnstiles. It was stated that in order to
use Face Pay, passengers must register their photos, bank cards and metro cards via the Mosmetro mobile application. The photo
registered to the application must be taken in good light, showing the full face. At least 40% of the face must be visible for the
technology to recognize users [14]. Different studies were conducted in different web-based areas [15, 16]. OpenCV library was
used in the face mask recognition system [17].

In this study, a two-step verification system was developed. In this system, a web interface was developed where registered
people can check their accounts. In this way, it was possible to travel freely all over the world thanks to the face recognition and
QR code system. The main purpose of the study is to ensure the safety and trouble-free travel experience of users and drivers in
transportation processes that take place in any time zone for any place to travel. Today, there is no system that finds/suggests a
complete solution to this problem. To achieve this goal, we aim to provide a complete, easy, efficient, hassle-free and safe
experience regardless of the means of transportation used. Our special software works in integration with cameras, enabling users
to travel by making it easier to pay during the journey without having to deal with complicated procedures. This software is
designed to ensure that users and drivers are safe at every stage. Our goal is to manage this process in the easiest and most
effective way while ensuring safe travel conditions and paying the fare without any cash or cards.

2. Material and Methods

In this study, we addressed this system in a more comprehensive way, closing its security gaps and ultimately enabling it to
operate anywhere in the world. In this study, with the two-step verification system, the personalized QR code and the person's
face are scanned simultaneously and the verification process is performed. After the verification process, the money is deducted
simultaneously and the passenger can check it from the mobile application. In this way, the privacy of the person is not violated
by using their image. In addition, the person's passwords, unique number, image and other information are stored in our system
with certain encryption methods and even different companies cannot access this information. While the Moscow system
requires 40% of the face to be visible, our software can perform face scanning and control in various situations, and our system
performs a perfect face scan. Thus, this process can be performed with any accessory on the person's face. In addition, in the next
stage, we have made it possible to perform this system from anywhere in the world, from every city, from every public
transportation vehicle. For this, some international agreements need to be made, an example of this is getting a visa. Thus, people
will be able to travel flawlessly and completely safely, no matter where they go in the world. While doing this, they will not have
to use any public transport vehicle they want and will not have to make any money conversion. Money can be deducted based on
possible conditions (disabled, student, elderly) with the information entered during membership.

Taking into account the personal information and visual data entered when registering to the application, a facial scan will be
performed with cameras in the vehicle during travel. With this transaction, travel money can be paid without cards or cash. In



this process, as proof that the person is actually present, if the QR code sent to the e-mail address during membership matches,
the price will be deducted from the account. This measure will eliminate the possibility of unfairly deducting money from
anyone's account and will also increase the security of the society. Users will be able to check their balance instantly from the
application and add money to their accounts from anywhere, at any time. All information entered into the application will be
protected by software engineers with certain encryption methods, making it almost impossible to access. If accessed in any way,
the data will become meaningless thanks to the encryption and will not be observable. In this way, there will be no security gap
and an easier and more convenient journey will be provided. In this way, when going somewhere, situations such as searching
for a card, finding it, losing time, taking and giving money, etc. will be eliminated, as well as transactions such as taking and
giving money, and exchanging money between the driver and the passenger while using public transportation vehicles. Some of
the negativities we see in the news arising from these transactions will be prevented. The ultimate goal of the study is to enable
anyone to travel in any city without having to use any card and to travel in any way they want as long as they have money in
their balance with a transparent control system that can be verified by both parties (passenger and driver). In this study, Python
language and OpenCV library will be used and a face recognition system that provides full security and gives successful results
under all conditions has been developed. OpenCV’s optimized C++ library can perform face detection and recognition operations
as real-time fast detection. Face recognition technology is a technology that can identify or verify a person from a digital image
or video frame. It usually works by comparing the facial features selected from the given image with faces in a database. Our
system can detect any feature on the face without exception [18]. Our web application was developed using languages such as
Html, Css Bootstrap, Jquery, JavaScript, Ajax in the frontend and Python, Php, MySQL in the backend. Users will be able to
enter their personal information into the system during the membership creation process. The information entered will be
recorded using encryption algorithms in accordance with the privacy policy, and any problems caused by system violations will
be prevented. The information entered during membership includes name, surname, e-mail address, unique ID number, date of
birth, phone number, city of residence, disability status, martyr/veteran affiliation status, profession, bank information and
gender, and any uploaded files are also stored confidentially with the MDS5 encryption method.

password
698d51a19d8a121ce581499d7b 701668

Fig. 1. Storing passwords in the database

Passwords will be stored as shown in Fig. 1, thus making it impossible to access the data.

€« Kalic: olarak sil Spam deg 8 0 @ m D i 2ileti d >
Dogrulama Linki spem x e B
@ Mailer <internetwebprogram2@outlook.com> kiaonce) Yy «

Bu ileti neden spam klasérinde? ileti, gegmiste spam olarak tanimlanan iletilere benziyor.
Spam olmadigini bildir (6]

Asagidaki linke tiklayarak hesabinizi dogrulayabilrsiniz

alhost/php-uyelik-sistemilverify php2email=kucukarslanyagmur@gmail com&vcode=627269

« Yanitla  Yonlendir

Fig. 2. Verification mail sent to the user's e-mail address

Afterwards, the photo capture page was opened for face recognition operations and photos showing the user's face from every
angle were automatically taken, encrypted in the system and saved in the database.

In Fig. 2, when the register button is clicked, a personalized QR code and an extension address to activate the system are sent
to the user's e-mail address.

Fig. 3. QR code sent to the user



Fig. 3 shows the QR code image specifically generated for the user.

id email vcode

5 kucukarslanyagmur @gmail.com 348683

6 nefisekeskin @gmail. com 329448
P |9 elif, yedekhesap @gmail.com 692818
o N [ HuLL |

Fig. 4. Database where users who have not verified their emails are registered

Fig. 4 shows that accounts that have not been activated are recorded in another table. If activated by the user, the information
is updated from the database.

birth_date  telno sehir engel_durumu  engel_dosya_yolu sehitik_durumu  sehit_dosya_yolu mesiek bankaadi hesapno iban verified |
18 2003-09-17 5445620190 ankara Yok Yok Mihendis  ziraat 75482631 45642452 1
10 2001-02-15 455345344 Eskisehir Yok Yok Doktor zraat 444455555 5544444444 1
11 2014-09-10 455345311 ankara Yok Yok Mihendis  ziraat 717171771717 171717171717 1
4 4124-02-14 4272272 ankara Yok Yok Mihendis  ziraat 5588888888 58585 1
P 22 2003-09-21 05464868199 ankara Yok Yok Ogrend ZraatBankasi 87965413164 13216546 0
o] o} oy [y oy oy [y

Fig. 5. Users who do not verify their emails in the database

In Fig. 5, accounts that have not been activated appear as 0 in the ‘verified” block.

ResultGrid | ] 43 Fiter Rows: |edt: @) Eb B | export/import: B H§y | Wrap Cell Content: IZ a
birth_date  telno sehir engel_durumu  engel_dosya_yolu sehitik_durumu sehit_dosya_yolu meslek bankaadi hesapno iban verified
P 218 2003-09-17 5445620190  ankara Yok Yok Mihendis  zraat 75482631 45642452 1
310 2001-02-15 455345344 Eskigehir Yok Yok Doktor ziraat 444455555 5544444444 1
111 2014-09-10 455345311 ankara Yok Yok Mihendis  ziraat 717171771717 171717171717 1
14 4124-02-14 4272272 ankara Yok Yok Mihendis  zraat 5588888888 58585 1
222 2003-03-21 05464868199 ankara Yok Yok Ofrenci  ZiraatBankasi 87965413164 13216546 1
ruL ) o) roc) ruL ) rud ) ey L) Iy Iy ruc ) ruLL )

Fig. 6. Users who verify mail in the database

Fig. 6 shows that if the user verifies the incoming mail, the value in the 'verified' column is updated to 1.

Add Personnel

Person Id 101
Name Yagmur Kucukarslan
Skill Student v

Fig. 7. The page created to record face data

The system opened to record facial data after the registration process is shown in Fig. 7.

In Fig. 8, while the user scans his/her face, the system instantly saves 100 photographs of the person into the dataset. This
data set to be created can be in any physical environment. Having the same person's face photo from all different environments is
better for the system to recognize.

The 100 photographs recorded in Fig. 9 are saved in a folder and a data set is created.

Various tests were carried out under different recognition value conditions and the results obtained are shown in Table 1.

When the system is activated by clicking on the extension address, the user can log in to the system. There are some terms

and conditions in the background of the software for security purposes. These terms and conditions are meticulously applied to
ensure the security of user information.



Generate Dataset 101

Training

Fig. 8. Recording the user's facial data

Fig. 9. Dataset consisting of users' face data

Table 1. Level of face detection in different situations

Ambient Light Condition

Angle of view of the face

Distance

Finding level

Too much
Too much
Medium
Medium
Medium
Low
Low
Low

+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree
+/- 15-25 Degree

120 cm +/-15 cm
170 cm +/-15 cm
120 cm +/-15 cm
170 cm +/-15 cm
170 cm +
120 cm +/-15 cm
170 cm +/-15 cm
170 cm +

High
Medium
High
High
Few
Medium
Medium
Few

WELCOME, Elif Orencik

Your Balance: 752

Reset Password m

Fig. 10. Balance display page



In Fig. 10, after users successfully log in to the system, they are directed to the balance display page. This page includes
password reset, balance update and exit transactions. Instant balance display system and balance loading transactions can be
followed simultaneously through the application.

Id Username Identity Profession Balance

20 Yagmur Kucukarslan 22222222222 Student 170

Fig. 11. The page where face recognition takes place

In Fig.11, when the camera is turned on, the face recognition process is performed simultaneously. In case of a suitable match
between the person's face and the data set, the person's name, surname, unique identification number, occupation and balance
information are displayed on the screen.

Id Username y

20 Yagmur Kucukarslan 22222222222 Student 170

Fig. 12. Reading QR code to camera

During the journey, the person must show their personal QR code on the screen when they scan their face with the camera
(Fig. 12.). This double verification system provides assurance that the person is really there at that moment.

Id Username Identity Profession Balance

20 Yagmur Kucukarslan 22222222222 Student 160

Fig. 13. Realization of the money deduction process



In Fig. 13, after both face recognition and QR code scanning processes, the system automatically deducts the fee. The user
can view these processes instantly through the application. In this way, both a fully secure application is used and easier and
more convenient transportation is provided. In addition, it will be possible to easily provide transportation abroad with this
system.

In case of re-registration with a previously entered e-mail address, the system will give a warning and prevent the registration
process. This application is made to prevent the risk of sharing or neglecting the QR codes used for the two-step verification
system. Similarly, the system will give a warning in cases where the same unique ID number cannot be used for a person. When
a user forgets their password and wants to change it, they can change their password if they are logged in and on the user page. In
this case, changes can be made to the database in line with the necessary conditions and security measures. To add money to the
account, 3D secure transaction steps are opened and money loading transactions are carried out. An interface system will be
developed where users and travel agencies can see all the details regarding the balance section and usage. Thus, not only the user
status will be followed, but also the drivers will be able to see the report of how many people and what type of passengers
(students etc.) got on at the end of the day. Fig. 14 shows the general flow diagram of the application.

115 :
16, ..118127. o9 1315

149 ...

" 158
159

195 196 g7

Fig. 14. General flow diagram of our application

Explanations of the numbers in the flow diagram are shown in Table 2.



Table 2. Explanations of numbers

[1]-BEGIN
[2]-MEMBER
[3]-ENTER USER INFORMATION
[4]-ARE YOU A CITIZEN OF TURKEY
[5]-ENTER IDENTITY
[6]-NAME AND SURNAME
[7]-DATE OF BIRTH
[8]-TELEPHONE NUMBER
[9]-ENTER CITY
[10]-ENTER GENDER
[11]-PROFESSION, STUDENT STATUS
[12]-ENTER YOUR BANK DETAILS
[13]-BANK NAME
[14]-ACCOUNT NUMBER
[15]-IBAN NUMBER
[16]-CREATE A PASSWORD
[17]-REPEAT PASSWORD
[18]-DO THE PASSWORDS MATCH?
[19]-ALLOW ACCESS TO LOCATION INFORMATION AT ALL
TIMES
[20]-ALL TiIME
[21]-YOU ARE REGISTERED
[22]-ENTER YOUR PASSPORT NUMBER
[23]-PASSPORT EXPIRATION DATE
[24]-PED=PASSPORT EXPIRATION DATE
[25]-PED<2024
[26]-NAME AND SURNAME
[27]-PROFESSIONAL STUDENT STATUS
[28]-NATIONALITY
[29]-PASSPORT PLACE, DATE
[30]-TELEPHONE NUMBER
[31]-DATE OF BIRTH
[32]-GENDER
[33]-BANK NAME
[34]-ACCOUNT NUMBER
[35]-IBAN NUMBER
[36]-LOG IN
[37]-ARE YOU A CITIZEN OF TURKEY
[38]-ENTER IDENTITY
[39]-ENTER PASSWORD
[40]-IS THE PASSWORD OR ID NUMBER CORRECT?
[41]-ENTER YOUR PASSPORT NUMBER
[42]-ENTER PASSWORD
[43]-IS THE PASSWORD OR ID NUMBER CORRECT?
[44]-LOG IN
[45]-HOMEPAGE
[46]-BALANCE INFORMATION
[47]-BALANCE>0
[48]-LOAD MONEY
[49]-ENTER THE AMOUNT TO BE LOADED
[50]-IN WHICH CURRENCY WILL THE LOAD BE?
[51]-NAME OF THE CARDHOLDER
[52]-CARD NUMBER
[53]-ENTER THE CARD'S EXPIRATION DATE
[54]-ENTER CVC
[55]-ENTER YOUR REGISTERED PHONE NUMBER
[56]-IS THE PHONE NUMBER CORRECT?
[57]-SEND CODE TO THE PHONE
[58]-ENTER THE CODE
[59]-IS THE CODE CORRECT?
[60]-BALANCE UPDATE
[61]-GET LOCATION
[62]-WAS THE LOCATION ACQUIRED CORRECTLY?
[63]-CURRENCY OF CUREENT LOCATION
[64]-y=CURRENCY OF CURRENT LOCATION
[65]-z=REGISTERED CURRENCY
[66]-1 z= x UNITS OF CURRENT y
[67]-x = BALANCE
[68]-YOUR BALANCE CONVERTED TO UNITS: x
[69]-RECEIVE FACE READING DATA
[70]-WERE THE IMAGES TRANSFERRED TO THE DATABASE?
[71]-PLANE
[72]-STUDENT
[73]-OVER 65
[74]-DISABLED

[99]-DISABLED

[100]-J = TICKET

[101]-i = TICKET

[102]-H = TICKET

[103]-G = TICKET

[104]-G > x

[105]-H > x

[106]-i > x

[107]-d > x

[108]-TRAM
[109]-STUDENT
[110]-OVER 65
[111]-DISABLED

[112]-2ND RIDE IN 1 HOUR
[113]-FREE

[114]-2ND RIDE IN 1 HOUR
[115]-m = TRANSFER FEE
[116]-m > x

[117]-n = TICKET

[118]-n > x

[119]-VAPOUR
[120]-DISABLED

[121]-2ND RIDE IN 1 HOUR
[122]-OVER 65
[123]-DISABLED

[124]-2ND RIDE IN 1 HOUR
[125]-FREE

[126]-0 = TICKET

[127]-0 > x

[128]-p = TRANSFER FEE
[129]-p > x

[130]-r = TRANSFER FEE
[131]-r > x

[132]-s = TICKET

[133]-s > x

[134]-METRO
[135]-STUDENT
[136]-OVER 65
[137]-DISABLED

[138]-2ND RIDE IN 1 HOUR
[139]-u = TRANSFER FEE
[140]-ii = TICKET

[141]-ii > x

[142]-u > x

[143]-FREE

[144]-2ND RIDE IN 1 HOUR
[145]-t = TRANSFER FEE
[146]-s = TICKET

[147]-s > x

[148]-t > x

[149]-MINIBUS
[150]-STUDENT

[151]-2ND RIDE IN 1 HOUR
[152]-¢ = TICKET

[153]-¢ > x

[154]-v = TRANSFER FEE
[155]-v > x

[156]-OVER 65
[157]-DISABLED
[158]-FREE

[159]-2ND RIDE IN 1 HOUR
[160]-A = TRANSFER FEE
[161]-A > x

[162]-B = TICKET

[163]-B > x

[164]-BUS (CITY)
[165]-STUDENT

[166]-2ND RIDE IN 1 HOUR
[167]-C = TRANSFER FREE
[168]-C>x

[169]-D = TICKET

[170]-D > x

[171]-OVER 65
[172]-DISABLED

[173]-2ND RIDE IN 1 HOUR




[75]-e=TICKET
[76]-e>x
[77]-=TICKET

[174]-FREE
[175]-E = TRANSFER FEE
[176]-F = TICKET

[78]-b=TICKET [177]-F > x

[79]-a=TICKET [178]-E > x

[80]-a>x [179]-TAXI

[81]-b >x [180]-UBER

[82]-¢ > x [181]-ELECTRIC SCOOTER
[83]-TRAIN [182]-TAXI FARE
[84]-TRAIN [183]-TAXI FARE > x
[85]-STUDENT [184]-UBER FARE
[86]-OVER 65 [185]-UBER FARE > x

[87]-DISABLED
[88]-j = TICKET

[186]-ELECTRIC SCOOTER FARE
[187]-ELECTRIC SCOOTER FARE>x

[89]-i = TICKET [188]-k = TICKET

[90]-g = TICKET [189]-k > x

[91]-f = TICKET [190]-1 = TRANSFER FEE

[92]-f>x [191]1> x

[93]-g > x [192]-INSUFFICIENT BALANCE

[94]-i > x [193]-PAYMENT COMPLETED

[95]-j > x [194]-TRANSFER THE FARE AND TIME TO THE DATA
[96]-BUS SYSTEM

[97]-STUDENT [195]-YOUR REMAINING BALANCE

[98]-OVER 65 [196]-REMAINING BALANCE

[197]-END

The QR code creation block code in our application is as shown in Table 3.

Table 3. Qr code creation code block

Code-Block: read_qr_code() Function:

defread _gr code(frame):

decoded _objects € decode(frame)

if decoded objects: then

return decoded_objects[0].data.decode('utf-8')
else: return ""

qr_read € False

def check qr data(qr data, s):

global qr _read
mycursor.execute("SELECT ..", (s,))

10. grcontent €mycursor.fetchone()

11. mycursor.execute("SELECT ..", (s,))

12. face name € mycursor.fetchone()

13. mycursor.execute("SELECT ..", (s,))

14. register name € mycursor.fetchone()

15. mycursor.execute("SELECT ..", (qr_data,))
16. balance_result € mycursor.fetchone()

17. if grcontent: then

18. if face_ name == register_name: then

19. mycursor.execute("SELECT ..", (qr_data,))
20. obstacle € mycursor.fetchone()

21. if obstacle and obstacle[0] == "None": then
22. mycursor.execute("SELECT ..", (qr_data,))

0NN W~

There are some important functions in the algorithm we developed. To explain them briefly;
read_qr_code() Function:
This function detects and decodes QR codes in an image frame. The decode() function analyzes the QR code in the frame. If

the QR code is detected, the content of the code is decoded and returned in utf-8 format. If the QR code is not found, an empty
string is returned.
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check_qr_data() Function:

This function checks the user's information in the database by comparing the QR code data (for example qr_data) and the
name obtained as a result of face recognition (for example s). It is queried whether the QR code data and the name obtained as a
result of face recognition match. The function also checks additional information such as the user's disability status, martyrdom
status, occupation status and balance. If the user is a student and has a balance, 10 units are deducted from the balance, otherwise
20 units are deducted. If the balance is insufficient, the user is given an "Insufficient Balance" message. If the person is a martyr
or disabled, no money is deducted.

face_recognition() Function:

This function performs face recognition. It contains a helper function called draw_boundary() that detects the face, draws a
rectangle around it, and verifies the presumed identity of the face.

1. The image is converted to gray tones and face detection is performed with the classifier.detectMultiScale() function.
2. A rectangle is drawn around the face for each detected face. Then, the identity of the face is predicted with clf.predict().
3. The person's name is queried from the database with the predicted identity.

4. If the confidence score of the prediction is above 70%, the person's name is written on the image and the QR code shown
on the screen is read with the read_qr_code() function.

5. The data obtained with the QR code and face recognition result is checked and verified in the check qr data() function. If
correct, the user is given the "WELCOME" message; if not, the "QR code did not match" message is displayed.

6. If the confidence score is below 70%, the face is marked as "UNKNOWN".

This function aims to perform identity verification by integrating face recognition and QR code reading processes.

3. Conclusions And Future Works

As a result, in this study, a virtual wallet that can be controlled by users and travel agencies has been developed with a web-
based face recognition system that is developed with the combination of web technologies and python programming-based
systems and works simultaneously. Fee reduction transactions have been carried out according to the pricing tariff determined by
the provinces. Thanks to the system where both the user and the travel agency can control the account control by entering their
own system, all similar negativities such as getting a card, filling it, and losing time will be prevented. Perhaps in the future, by
adding different verification methods, this study will be successfully implemented in real life.
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Abstract

In this paper, we present a comprehensive and in-depth investigation on the optimization of Proportional-Integral (PI) controller tuning for
achieving stability and desired overshoot in the step response. The main objective of this study is to compare the effectiveness of Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO) techniques in finding the optimal parameters for the PI controller. The PI controller is
a widely used control algorithm that plays a crucial role in many industrial processes. Its tuning greatly affects the system's performance,
particularly in terms of stability and overshoot. Therefore, finding the optimal tuning parameters is of utmost importance. To address this
optimization problem, we propose the utilization of two popular metaheuristic algorithms, GA and PSO. These algorithms are known for their
ability to efficiently search through large solution spaces and find near-optimal solutions. By applying these algorithms to the PI controller
tuning problem, we aim to determine which technique yields better results in terms of stability and overshoot tuning. In our comparative study,
we provide a detailed explanation of both GA and PSO algorithms, focusing on their working principles and mathematical formulations. We
also describe how these algorithms can be applied to the PI controller tuning problem. Furthermore, we highlight the key differences between
GA and PSO, shedding light on their strengths and weaknesses. To assess the performance of GA and PSO, we conduct several experiments
using different benchmark functions and step response models. We measure the stability and overshoot metrics for various parameter settings
obtained through GA and PSO. By thoroughly analyzing the obtained results, we draw meaningful conclusions regarding the effectiveness of
each technique. Our findings demonstrate that both GA and PSO exhibit promising results in optimizing PI controller tuning. These
observations provide valuable insights and guidelines for choosing the appropriate algorithm based on specific control requirements. In
conclusion, this comparative study is thought to contribute to the field of control systems engineering by offering a comprehensive analysis of
GA and PSO techniques in the context of PI controller tuning. By highlighting their strengths and weaknesses, it is aimed to provide
researchers and practitioners with valuable information for making informed decisions when optimizing control parameters for stability and
overshoot reduction purposes.

Keywords: “PI Controller, overshoot, step response, stability, genetic algorithm, particle swarm optimization.”

1. Introduction

The study and examination of electronic systems, also known as system analysis, plays a vital role in various industries. One
of the essential aspects of this process is understanding the step response. The step response is a crucial parameter that provides
valuable insights into the behavior and performance of a system. In system analysis, the step response refers to the output of a
system when a step input is applied to it. A step input is an abrupt change in the input signal, typically from zero to a constant
value. By studying the step response, engineers and analysts can gain valuable information concerning the system's stability,
transient response, and overall performance [1-3].

System stability plays a vital role in the efficient functioning of any given system. It is of utmost significance to ensure that a
system remains stable and performs optimally over time. When a system lacks stability, it becomes susceptible to various issues,
such as crashes, errors, and malfunctions. These issues can lead to significant disruptions in productivity, data loss, and even
financial losses for businesses. One of the main reasons why system stability is crucial is its impact on user experience. A stable
system provides a smooth and reliable platform for users to perform their tasks without interruption. Whether it's using software
applications, accessing online services, or managing complex operations, a stable system ensures that users can complete their
activities efficiently and effectively [4-6].

! Corresponding Author
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The step response exhibits several significant characteristics that make it an invaluable tool in system analysis. One of these
characteristics is the overshoot [7]. Overshoot refers to the temporary excursion of the system output beyond the desired value
before reaching stability. Understanding the magnitude and duration of overshoot is crucial in applications where precise control
and stability are essential.

In control systems, the Proportional-Integral (PI) Controller holds great significance as it plays a crucial role in achieving
precise control. This article aims to provide an exhaustive and comprehensive analysis of this controller, elucidating its
functioning and impact on control systems. The Proportional-Integral (PI) Controller combines the proportional and integral
control concepts to ensure improved control performance. By utilizing the proportional control aspect, the controller can respond
to deviations in a system's output proportional to the error magnitude. This proportional action aids in minimizing steady-state
errors and reducing overshoots. Apart from the proportional action, the PI controller incorporates the integral action to address
accumulation of error over time, also known as integral windup. The integral control component continuously integrates the error
signal, allowing the PI controller to effectively handle system disturbances and eliminate long-term steady-state errors [8-11].

The importance of metaheuristic methods in control theory lies in their ability to revolutionize the field of control systems.
With their innovative approaches and powerful algorithms, these methods have proven to be invaluable in solving complex
control problems that traditional methods fail to address. By harnessing the principles of optimization, search, and exploration,
metaheuristic methods open up a whole new realm of possibilities for control theorists and practitioners. Whether it is enhancing
the performance of autonomous systems, optimizing resource allocation, or designing robust controllers, metaheuristic methods
provide a powerful toolkit for tackling real-world control challenges. From genetic algorithms to particle swarm optimization,
these methods offer a diverse set of techniques that can be tailored to meet the specific needs of different control applications.
With their ability to handle non-linear, multi-objective, and dynamic control problems, metaheuristic methods have become a
cornerstone of modern control theory. As the complexity of control systems continues to grow, the importance of metaheuristic
methods will only increase, helping us push the boundaries of what is possible in the world of control theory [12-15].

The Genetic Algorithm in controller tuning is a powerful and versatile method used to optimize the parameters of a controller
[16]. By mimicking the process of natural selection and evolution, the Genetic Algorithm searches through a vast solution space
to find the optimal set of controller parameters that maximizes the performance of the system. This algorithm works by
iteratively generating a population of candidate solutions and evaluating their fitness based on a specified objective function. The
fittest individuals are then selected to produce offspring, which inherit characteristics from their parents through crossover and
mutation operations. This process continues for multiple generations until a satisfactory solution is found [17]. The Genetic
Algorithm's ability to explore multiple possibilities simultaneously and find near-optimal solutions makes it an essential tool in
controller tuning for complex and nonlinear systems [18, 19].

The Particle Swarm Optimization (PSO) algorithm is a popular technique used for controller tuning in various fields [20].
PSO is inspired by the natural behavior of bird flocking or fish schooling, where individuals coordinate their movements based
on the collective knowledge of the group. In controller tuning, PSO is utilized to find the optimal parameters for a given control
system. By using an iterative process, the algorithm explores the search space and adjusts the controller parameters to minimize a
specified performance metric, such as error or overshoot. This iterative process continues until the algorithm converges to a set
of parameters that yield the best control performance [21, 22].

This paper implements the advantages of the above mentioned optimization algorithms to shape the step response of a time
delay plant controlled by a PI controller. The aim in shaping is to satisfy the overshoot of the step response towards researchers’
desire as well as to achieve stability. The literature surrounding step response shaping using PI controllers is rich with insights
into the evolution, design, and optimization of PID control systems. The study in [23] discusses the optimization of Proportional-
Integral (PI) and Proportional-Integral-Derivative (PID) controllers to satisfy certain transient performance standards. This work
presents tuning approaches that, akin to the Ziegler—Nichols technique, need just parameters derived from the plant's step
response. The authors enhance the methodology to include plants with underdamped step responses and present a systematic way
for adjusting the controller gain to meet specified transient performance criteria, including less overshoot and enhanced settling
time. The foundational work in [24] highlights the integral role of the PID controller in industrial applications, emphasizing its
ability to stabilize system outputs through manipulation of the error signal. Hill articulates the significance of the proportional,
integral, and derivative gains, with particular emphasis on the integral term, which is crucial for driving the error signal to zero—
a key aspect for achieving accurate step response shaping. Furthermore, Hill notes that while the derivative term can enhance
transient response shaping, its tendency to amplify high-frequency noise poses challenges in practical applications. This early
exploration sets the stage for understanding the complexities involved in tuning PID controllers effectively. In the valuable study
in [25], an analytical approach for optimizing Proportional-Integral (PI) controllers in the Field Oriented Control (FOC) of
Permanent Magnet Synchronous Motors (PMSMs) is presented. The authors analytically define the attributes of the closed-loop
response to ascertain PI controller gains that satisfy specified dynamic criteria, including maximum overshoot and rising time.
Due of the nonlinear characteristics of the resultant equations, the Newton-Raphson numerical approach is utilized for their
resolution. The suggested method guarantees that, through the use of decoupled models of the PMSM, the closed-loop system
operates linearly, ensuring stability throughout an extensive operational range. Building upon this foundation, [26] addresses the
critical challenge of controller tuning in process control systems. He underscores the importance of optimizing PID controller
parameters to enhance system performance, particularly in the face of inherent difficulties such as system nonlinearity and
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unstable open-loop systems. Practical methods for near-optimal tuning of Proportional-Integral (PI) and Proportional-Integral-
Derivative (PID) controllers were studied in [27]. The authors present simple methods for adjusting PI and PID controllers to
attain a balance between output performance and control activity, hence providing resilience in the mid-frequency range. For
systems with all poles located on the negative real axis, a singular step response is enough for plant characterization. In systems
exhibiting integral action, doing an impulse response or relay experiment is advisable. [28] introduces an improved gravitational
search algorithm aimed at automating the tuning process, thereby providing optimized parameters for settling time, percentage
overshoot, and steady-state error. This contribution not only complements [25] 's findings but also reflects the ongoing need for
innovative solutions to improve the performance of widely used PID controllers, particularly given that a significant proportion
remain poorly tuned in practice. Further advancing the discourse, [28] provides a contemporary perspective on the design of
classical controllers, noting that over 95% of control loops in process control are of the PID type, with a predominant focus on PI
control. He elaborates on the operational principles of the proportional, integral, and derivative actions, detailing how each
component contributes to overall system stability and error correction. This article emphasizes the straightforward structure and
ease of implementation of PI controllers, reinforcing their popularity in industrial settings. [28] also highlights the ongoing
development of new tuning methods, which are critical for enhancing the design and effectiveness of these classical control
systems.

The organization of this paper is as follows. Second chapter introduces the PI controller and briefly reminds the step
response. The third chapter briefly recalls the GA and PSO methods. A case study is given in the fourth chapter and the fifth
chaptr includes the conclusions.

2. PI Controller and The Step Response

The literature on the structure and design of Proportional-Integral (PI) controllers reveals a rich history of development and
refinement, particularly in the context of industrial applications. The work in [29] establishes a foundational understanding of
fixed structure controllers, specifically focusing on the integration of a PI velocity feedback controller with a PI outer tension
loop to effectively regulate web tension and velocity. Their investigation into systematic design methods highlights the
importance of satisfying pre-specified performance criteria through parametric approaches. This paper underscores the versatility
of these design techniques, suggesting their applicability extends beyond tension control to various control loops, thereby
enriching the discourse on fixed structure controller design that has evolved since the 1960s. Building on this foundation, [24]
shifts the focus to the broader category of PID controllers, which incorporate proportional, integral, and derivative elements. The
author articulates the significance of the integral term within the PID framework, emphasizing its role in driving the error signal
to zero and thus ensuring system stability. Hill’s analysis traces the historical development of PID controllers, from their origins
in mechanical devices to their modern digital implementations, illustrating the evolution of tuning methods that have
accompanied this progression. The simplicity of the PID structure, which requires only three gain parameters, is highlighted as a
key advantage, making it a popular choice in various industrial applications. This exploration into real-time optimal auto-tuning
further complements the understanding of controller structures, emphasizing the need for efficient manipulation of error signals
to stabilize system outputs.

The transfer function of the PI controller is given as follows.
k,
C(s)=k, +—~ (1
s

As known, k, is the proportioal coefficient and k; is the integral coefficient. The plant used in this study is a classical first

order plus time delay plant which has the following structure.

P(s) = TSK+ et @)

Here, K is the gain constant, T is the time constant and L is the time delay. After this brief introduction, an explanation about
the step response should be benefical. First-order plus time delay (FOPTD) systems are among the most important and widely
used dynamic processes in various major industries, such as power systems, automotive and aerospace systems, biological
systems, and chemical processes, as well as refinery industries, to model their dynamic processing. Different technological
innovations and rapid advances in computational power lead to faster, smarter, and more innovative control systems that require
less energy, time, and effort to improve the dynamic quality of processing systems. Due to this ever-evolving technology, control
systems are now mandatory for the vast majority of process industries. A control system is an essential part of an industry used to
manage, automate, and regulate workflow. If any dynamic processing system is not under control, it is not possible to obtain
accurate, steady-state, and reduced-error controlled outputs. During a control design, the operating plant is first investigated to
find its dynamic characteristics. After determining its dynamic characteristics, the details of the operating plant are considered
for selecting a suitable controller. During the investigation of a plant, it is often represented by a first or second-order dynamic
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response plus a time delay. The dynamic system defined by the first-order plus time delay (FOPTD) system is an essential part of
modern control theory. Many controllers have been designed for this type of dynamic system, which is quickly and efficiently
applied in many engineering control and automation applications. The step changes and transfer functions of FOPTD systems are
used in numerous fields, such as medicine, chemical processes, refinery batch process productions, servo mechanisms, machine
tools, biosystems, agriculture, aircraft, marine, and automotive industries. In many engineering control and automation
applications, the input-output time response and transfer function equation of a first-order plus time delay (FOPTD) system are
important and necessary. Even so, no single tool or method is used effectively to achieve the major control system objectives
simultaneously for this practical class of dynamic control systems [30-33].

The literature review provides a detailed examination of step response analysis within the framework of control systems,
particularly emphasizing the role of classical feedback control. A critical element of the analysis is the use of the frequency
response function (FRF) to represent the system's behavior accurately. This approach allows for a more realistic assessment of
system performance under operational conditions, moving beyond reliance on estimated transfer function models. The findings
indicate that proper tuning of the PID controller can ensure that the system meets essential specifications related to gain and
phase margins, peak sensitivity, and overall stability. The authors also highlight the classical PID controller's versatility across
various industrial applications, demonstrating its effectiveness in improving both steady-state error and transient response
through the integration of PI and PD components. In conclusion, the literature emphasizes the importance of step response
analysis in control systems, particularly in relation to the performance of classical feedback controllers like the PID controller
[34]. A sample illustration of the step response is given in Fig. 1 [35].
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Fig. 1. The step response

This paper deals with the point named as “Peak” in the figure. The aim is to tune the overshoot (peak) value towards our
desire using the well known optimization algorithms. Next section gives information about the genetic algorithm and particle
swarm optimization.

3. Genetic Algortihm and Particle Swarm Optimization
3.1.  The Genetic Algorithm

Originally proposed in the early 1960s, genetic algorithms (GAs) are a popular evolutionary algorithm designed to solve
large, complex search and optimization problems that are difficult to model and solve propositionally using conventional
methodology. Inspired by the Darwinian process of natural selection, GAs are based on the approach used by nature for the
evolution of organisms on Earth. Genetic algorithms are based on these phenomena observed in the natural world, and these
concepts were employed to solve technological problems. A search in GAs evolves a population of strings, under the process of
natural selection and genetics, to optimize or solve a certain problem that requires optimization or search. One important aspect
of using genetic algorithms is that no domain knowledge is assumed to solve the problem at hand, and only a set of primitive
operations is applied to evolve a population of strings until a criterion is satisfied. The underlying principle of GAs is simple: the
most fit will survive and propagate to the next generation, and it is believed that the long-term survival of a population in a
complex environment will result in the evolution of a population. A diverse range of machine learning applications often makes
use of genetic algorithms at some stage in their process. This adaptive process has been found to be successful, often when
humans were unable to develop optimal methodologies due to lack of inherent knowledge or when most of the problem was
uncertain and subjective. Key features of GAs are listed below.

e Evolution: The search technique is inspired by the natural selection process.
e  Parallel search: The population evolves to represent the potential search space.



16

Multi-objective technique: More than one solution is simultaneously examined, providing a diverse range of
solutions.

Complex search space: Suitable for the irregular search space, where the derivative operation design is not feasible.
Domain knowledge: No need for domain knowledge, apart from basic operations that can be performed.

Some of the reasons to use GAs as opposed to traditional deterministic or stochastic optimization algorithms are:

In a wide population, various loners can be obtained and propagated for further examination.

More than one global solution at a time is found using a diverse population.

Efficient in a practical real-world space, where the function might not have a continuous derivative and is not
dominated by the optimal local solution.

Optimization or learning does not require any additional conditions that have to be fulfilled, such as knowledge that
will precede the final function or local minima.

Some of the basic terminology used within GA description:

Gene: Forms the basic building block of a chromosome; they are the basic underlying data that represent the
solution.

Chromosome: A chromosome is considered a finite sequence of genes in a fixed order.

Population: A population is a group of K candidate solutions considered for the solution. Each individual can be
considered as a chromosome that represents a possible potential solution.

Allele: It represents a value of a gene.

The pseudo code of the GA can be written in the following way.

1.

3.

4.

Initialize the population with random solutions.
Evaluate the fitness of each individual in the population.
Repeat until the stopping condition is met:
a. Select individuals from the population based on their fitness (selection).
b. Apply crossover to selected individuals to produce offspring.
c. Apply mutation to offspring to introduce variability.
d. Evaluate the fitness of the new individuals.
e. Replace some or all of the population with the new individuals.
Return the best individual as the solution.

DETAILS OF STEPS:

- INITIALIZE POPULATION(size, bounds):

Create ‘size' individuals with random values within ‘bounds’.

X:[xl,xz,x3,....xn] 3)

- FITNESS FUNCTION(individual):

Compute the fitness of “individual .

() —>L “

- SELECTION(population, fitness_values, method):

Select individuals using a method like tournament, roulette wheel, or rank-based selection.

S(X)
2 X))
- CROSSOVER (parentl, parent2, method):
Combine “parentl’ and "parent2’ using methods like single-point, two-point, or uniform crossover.
g _ |8 i rand() <05 ©
l X7 otherwise
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- MUTATION(individual, mutation_rate):

Randomly alter genes of “individual® with a probability "'mutation_rate".

1-x ] d) <P,
xi — { xl lf‘ran () mut (7)

X, otherwise

- REPLACEMENT (population, offspring, strategy):
Replace individuals in the population using strategies like elitism, generational replacement, or steady-state replacement.

Additionally, some terminologies need to be understood when using GAs for further explanations. These terminologies are
chromosome, gene, alleles, genotype, phenotype, and other GA terms. These definitions serve as a fundamental base for
developing a sound understanding of genetic algorithms [19, 36, 37].

3.2.  The Particle Swarm Optimization

In recent years, the Particle Swarm Optimization (PSO) algorithm has gained significant attention from researchers due to its
ability to solve complex optimization problems. PSO is inspired by the social behavior of birds, which can be collectively seen as
a flock. The flock consists of birds moving together in a cohesive manner, and the birds collectively decide the direction of flight.
The collective movements of a bird swarm may give the impression that collective intelligence is at work. Expanding on this
phenomenon of birds flocking to a closed space, computer scientists have developed a collective intelligence-based search
algorithm. They have been successful in the planning and execution of such algorithms for optimization problems. PSO attempts
to optimize problems by simulating the social behavior of birds [38-40].

With the advancement of sciences like engineering, biology, and others in the last few decades, the problems formulated in
these fields are complex in terms of the size of the search space. Traditional optimization methods face a number of challenges
while solving such problems. Therefore, researchers are looking to overcome these challenges by utilizing some nature-inspired
algorithms to aid in the solution of such problems. In the past, many meta-heuristic algorithms have been proposed by
researchers. The motivation for preparing a comprehensive study of PSO is to provide insight into various computational
intelligence techniques. The specific objectives of this comprehensive study are to highlight the differences existing among
various relatively recent issues and to signal the possible future trends for research scholars. It is a powerful algorithm and may
provide optimal solutions for complex problems where different soft computing techniques or some traditional methods may
yield inferior solutions.

The basic terms used in PSO include particle, position, velocity, pBest, gBest, c1, ¢2, w, fitness function, domain space, and
swarm. Many researchers in the field of PSO consider these terms to be the most important terms that are used in PSO. These
terms are defined as follows:

e Particle: a single member of the swarm.

e Position: the location of a particle in the search space.

e Velocity: a particle's position and how it is modified during a search. Formally, it is the direction of future estimated
improvements.

e pBest: personal best solution that a particle has encountered during the search process.

e gBest: global best solution in a swarm or used for a local fitness problem. A global best solution is a solution that is
found from all particles in a swarm.

e cl and c2: learning factors that control the contributions of pBest and gBest. The two learning factors c1 and ¢2, both in
the range of [0, 2], control the cognitive and social components of PSO. The cognitive component promotes the
exploitation process, and the value of a given pBest for each individual exploration is reflected by the value of ¢l and
also by (Xi (k) - pBesti (k)). The social component represents the exploration process, and the value of gBest of the
group solutions exploration is reflected by the value of ¢2 and also by (Xi (k) - gBest (k)).

e w: inertia weight factor that adjusts the PSO performance. Many researchers found that the values of the inertia weight
factor that are in the range of [0.4, 0.9] can obtain a higher search performance in the search process. The inertia weight
factor reflects on the ability of particles in the search process through its linear or nonlinear decrease in velocity over
time.

o Fitness Function: a fitness function assigned to each particle which indicates how well a possible solution fits the
desired form.

¢ Domain Space: a space that includes all possible choices of a problem parameter.

e Swarm: a group of particles in the search space. Each particle in the swarm is characterized by its position, velocity, and
its best position pBest that it has found during the generations of the search process.
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All PSO parameters have a direct tuning effect on the search process performance. The important parameters of PSO based
on the characteristics of the search space include the swarm size and the velocity, which is affected by three parameters:
acceleration constant, pBest, and gBest. The behavior of each particle in the swarm is controlled by the cognitive (pBest) and
social (gBest) acceleration coefficients, which are the degree of importance of the cognitive and social speed [41-43].

The pseudo code of the PSO can be written in the following way.
1. Initialize the swarm:

a. Set the number of particles, positions, velocities, and other parameters (e.g., inertia weight, cognitive and
social coefficients).

b. Randomly initialize each particle's position and velocity within the search space.
c. Evaluate the fitness of each particle's position.

d. Set each particle's initial personal best position (pBest) to its current position.

e. Identify the global best position (gBest) among all particles.

2. Repeat until the stopping condition is met:
a. For each particle:
i.  Update the particle's velocity:
v[i]=w * v[i]
+cl *rl * (pBest[i] - x[i])
+c2 * 12 * (gBest - x[i])
ii. Update the particle's position:
x[i] = x[i] + v[i]
iii. Evaluate the fitness of the new position.
iv. Update the particle's personal best (pBest) if the new position is better.
b. Update the global best position (gBest) if any particle's new position is better than the current gBest.
3. Return the global best position (gBest) as the solution.
Key Formulations in the Pseudocode:
1. Velocity Update Rule

For particle i, the velocity update formula is:
v(t+D)=w-v.(t)+c -1 - (pBest —x,(t))+c, - 1, - (gBest — x,(t)) ®)

where, w is the inertia weight (controls the influence of the previous velocity). ¢,c, are the cognitive and social coefficients
(control the influence of pBest and gBest). r,r, are random numbers uniformly distributed in [0, 1].

2. Position Update Rule
The position of particle I s updated as:
x(t+D)=x,@)+v,(t+1) )
3. Fitness Evaluation
The fitness of each particle is evaluated using a predefined fitness function, f(x)
4. Personal Best
Each particle maintains its best position found so far:
pBest, = argmin/ max f'(x;) — (depending on the problem) (10)
5. Global Best

gBest, =argmin/ max f(pBest,)  foralli (11)
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4. Case Study

Example 1: This example implements the GA and PSO to tune the PI controller for the below FOPTD plant.

1 0.99932 4 1om
_ - 12
)= 08425 11° (12)

The step response will be plotted for 25 seconds and the peak of the step response is set to be 1.2 in magnitude. The GA

resulted with the following PI controller at the end of the optimization process.

CL, (s)=0.5342514+ 222687 "
7 s
Simiarly, the result of the PSO after 1000 iterations is,
3.9271 »

Chey ((5)=3.6778+ =
N S

Fig. 2 shows the step response obtained by using C,,(s) and Fig. 3 shows the one controlled with C, () .

Step Response

Step Response
T T T 1.2

Amplitude

Amplitude

.
: 5 10 15

25 0
Time (seconds)

% 5 10 15 20
Time (seconds)
Fig. 2. The step response obtained with genetic algorithm for Fig. 3. The step response obtained with particle swarm
optimization for 20% overshoot

20% overshoot

We can see from the two step responses that both systems show stable response and their overshoot is exactly tuned to be 1.2
as desired. For comparison, it can be said that the genetic algorithm resulted with a longer rise time and settling time. Let us now
tune the controller to obtain the step response with no overshoot. The PI controller obtained using the genetic algorithm is given

as follows.
1.850810 (15)

C., ,(s)=2.006661+
- s
Simiarly, the PI controller obtained using the particle swarm optimization is,

Cly, o(s) = 1847255+ 170371 (16)
- S

This time, the step response of the system obtained with the genetic algorithm is drawn in Fig. 4. Similarly, the step response
obtained by tuning the controller with the PSO is given in Fig. 5. The two methods successfully achieved the system to have a

step response with no overshoot. It can also be seen that the two step responses approximately match eachother.
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Fig. 4. The step response obtained with genetic algorithm for

no overshoot

It would be useful to apply the methods on anothr example.

Example 2: Consider the following time delay plant [44].
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Fig. 5. The step response obtained with particle swarm

G2 (S) — Llefo.]

optimization for no overshoot

amn

The overshoot for this example is desired to be 10%. For this aim, following controllers have been obtained.

C2,(s)=0.522484 +

Simiarly, the result of the PSO after 1000 iterations is,

Using the controllers in Eq. 18 and Eq. 19, following step responses are found.

C2,(s) = 6.935578+

Step Response
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Fig. 6. The step response obtained with genetic algorithm for
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10% overshoot
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1.334183

3.837198

(18)

(19)
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Fig. 7. The step response obtained with particle swarm

optimization for 10% overshoot

It can be clearly seen in Fig. 6 and Fig. 7 that the overshoot of the step response is successfully limited to be 10%. Comparing
two figures show that the step response obtained with the genetic algorithm has a smoother increase but relatively a larger steady



21

state time. In contrast, the step response obtained with the particle swarm optimization has a sharp increase and a smaller steady
state time. Thus, the choice can be made by considering the needs of the system.

According to the report, the findings of the comparison study between the Genetic Algorithm (GA) and the Particle Swarm
Optimization (PSO) for the tuning of the PI controller are quite illuminating. The overshoot levels that were intended (for
example, 20%, no overshoot, 10%) were successfully obtained by both strategies, and the step response remained stable
throughout the accomplishment. Nevertheless, discrepancies of a significant nature were identified in their performance. The use
of GA often led to longer rising and settling durations, which indicated smoother transitions but slower reactions. PSO, on the
other hand, displayed more abrupt climbs and shorter settling durations, which might be useful in systems that require speedier
stabilization. These findings highlight how important it is to pick the optimization strategy based on the individual requirements
of the system, striking a balance between smoothness and speed. It is possible that future study may concentrate on adapting
these algorithms to a wide variety of step response qualities in order to facilitate the expansion of their practical applications.

5. Conclusions

This paper provides a thorough examination of the methodologies for optimizing Proportional-Integral (PI) controller tuning
to achieve stability and desired overshoot in the step response. The primary objective of the study is to compare and contrast the
effectiveness of two heuristic optimization techniques, namely Genetic Algorithm (GA) and Particle Swarm Optimization (PSO),
in finding the best parameters for the PI controller, which plays a critical role in industrial processes. The tuning process
significantly impacts the stability and overshoot of the system, emphasizing the need for identifying the most suitable
parameters. To tackle this challenge, the paper proposes the utilization of GA and PSO, both of which are renowned for their
capability to efficiently explore large solution spaces. The study provides an in-depth explanation of the underlying principles of
both algorithms and elucidates how they can be applied to solve the PI controller tuning problem. Moreover, it sheds light on the
distinctions between GA and PSO, meticulously examining their respective strengths and weaknesses. In order to evaluate the
performance of these optimization techniques in terms of stability and overshoot metrics, a series of experiments are conducted,
employing various models and functions. The results obtained from these experiments demonstrate promising outcomes for both
GA and PSO in the optimization of PI controller tuning, thereby offering valuable insights to researchers and practitioners alike,
enabling them to make informed decisions based on the specific control requirements they may encounter. Ultimately, this
comparative study provides a comprehensive analysis and delivers a wealth of valuable information to individuals involved in
the field of control systems engineering.

The study lays the groundwork for a discussion of the findings by contrasting the effectiveness of Genetic Algorithm (GA)
and Particle Swarm Optimization (PSO) in the process of tuning PI controllers for step response shaping. Nevertheless, a
comparison with the current literature that is more specific might increase the depth of the conversation as well as the contextual
relevance of the topic. According to the examination of the relevant literature, works such as [23] place an emphasis on transient
performance requirements in PI and PID tuning. These studies also propose analytical approaches to achieve optimal overshoot
and settling time respectively. In a similar vein, [28] outlines developments in traditional PID designs, which are the most
common kind used in industrial settings. In comparison to the current investigation, the metaheuristic algorithms (GA and PSO)
provide an automated and adaptable method that can accommodate different system dynamics without the requirement of pre-
specified analytical parameters. The article effectively illustrates that both GA and PSO are capable of successfully achieving
desired overshoot levels (for example, 20%, no overshoot, 10%). This is demonstrated in the conclusions section of the paper.
Nevertheless, there are obvious trade-offs: GA exhibits smoother responses with longer rising and settling periods, whereas PSO
gives faster answers but with sharper rises. Both methodologies have their advantages and disadvantages. The findings are
consistent with the observations made in the literature, which state that GA frequently outperforms in exploration, whereas PSO
strikes a balance between exploration and exploitation in order to achieve faster convergence [16, 20]. The publication might
compare these results with analytical methods [23, 25] or other metaheuristics [26], describing circumstances in which GA or
PSO might perform better than traditional approaches. This would enrich the presentation of the results. In order to emphasize
the practical benefits of these algorithms, it would be beneficial to highlight their adaptability and flexibility in dealing with
nonlinearities and requirements that involve several objectives. An further contextualization of the paper's contributions would
be achieved by the use of benchmarks or measures from previous research, which would also make the conclusions more robust
and generalizable.
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Abstract

A well-known problem in control system design and analysis is the shaping of the unit step reference response of a system to produce
desired transient characteristics for various system references. The necessity of having fast, accurate, and stable control systems for a large
number of practical applications has created the need for advanced control methods. In this regard, the development of fractional-order
controllers has received considerable attention from the control community. Many papers and books on the topic of fractional-order systems
have been published, which also include the usefulness of fractional calculus in the area of controllers. The fractional order proportional
integral derivative controller is proven to be versatile, and its design can be obtained for any given target step response. A sufficiently large
number of response characteristics, such as performance, phase margin, immunity to plant modeling, and robustness, can be adjusted by means
of five tuning parameters. The control strategy of this paper focuses on developing a fractional order proportional integral derivative controller,
which aims at overcoming the infeasibility of the controller to satisfy the conflicting goals of go-to speed and settling time in the traditional
PID controller. The controller design has two main goals: one is to satisfy system stability, while the other is tuning the overshoot and the
settling time. In this direction, the genetic algorithm is implemented. The results are presented through an illustrative example.

Keywords: “P1 controller, overshoot, step response, stability, genetic algorithm.”

1. Introduction

Fractional-order mathematics is a branch of applied mathematics focusing on fractional derivatives and integrals of various
orders, extending the conventional calculus framework. A study of fractional order mathematics has been growing rapidly in
different scientific and engineering fields. One of the main reasons behind the importance of fractional order mathematics is the
historical background to this new area of mathematics. Nevertheless, fractional calculus gave way to the new discipline of
modern theoretical physics by the end of the 20th century. The mathematical perspective of integer-order differential equations
has advanced significantly, but their fractional-order derivatives and integrals are still in their early stages [1]. In today’s world,
there are several physical systems and processes that cannot be fully understood or described by classical calculus. A more
general formulation called fractional calculus, or “Calculus of Non-Integer Order,” was proposed to deal with systems whose
properties are “memory dependent” or are of “hereditary nature.” This approach takes inspiration from the Riemann, Griinwald-
Letnikov, and Liouville definitions. By extending the power of traditional integrals and derivatives to non-integer values, many
have explored the applicability of fractional order mathematics in various applications. It provides a local description of the
classified energy distribution, degree of association, roughness spectrum, and so on in terms of time or frequency domain, which
is more suitable for many physical processes [2]. Traditional calculus is designed to handle homogeneous, instantaneous
processes with constant properties. There are many physical, mechanical, biological, electrical, chemical, air-water pollution
controls, economic, and financial systems with different types of infinitely distributed or grouped media and material
characteristics, operating continuously in relaxed states of nature. Such systems are solved using non-integer order calculus-like
tools. It expands the scope of conventional calculus to describe many complex systems that are solved by undetermined integral
coefficient linear, nonlinear, and fractional differential equations [3].

A control system is a system that measures the process states and provides corrective actions such that the process is carried
out in a desired degree of stability, performance, and accuracy. The feedback mechanism has an instrumental role in several
control strategies to determine the corrective actions or the manipulative inputs required by a process or output or system state
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objective. Classical control theory is perhaps the longest surviving control systems design paradigm, spanning three centuries. It
was and indeed continues to be the cornerstone behind many control systems designs, many of which are still in operation today
[4]. Since the start of control theory, simple (integer) order differential equations governed the standard of the time. They provide
a minimal complexity system that is often used to simulate the output of real systems and act as a control mechanism in modern
constructions. The primary argument for eliminating any other order comes mostly from technical limitations of the discipline
and that additions to the normal linear and non-linear feedback, model moving components, can provide a better overall
performance. The extension of control systems to fractional order is one way to insert these omitted components and provide
enhanced performance and dynamics [5]. By considering a system in a fractional context, a number of advantages can be found.
Improved accuracy of modeling mechanisms, simulation outputs, and the prediction of dynamic responses to a given control
input is the first of these. It also opens the door for greater flexibility, since real physical systems constitute a mixture (or sum) of
orders, and obscurities could be modeled in any simulations. The representation of a system in state-space gives a more detailed
investigation into the makeup of a dynamic model, especially in one where the state contains an infinitesimal component.
Fractional orders therefore present a more accurate reflection of the dynamic behavior, something integer controllers do not
provide, giving a system with a fractional representation an edge in terms of capturing and reflecting its dynamic behavior [6].
One aspect that is shared within all feedback control systems, however, is the desire to analyze and ensure stability. For
fractional closed-loop systems, stability does have its limitations, and it has seen work in more advanced domains, attacking
stability through various methods. Each of these methods is a prime motivator for systems in industry, striving for a clearer, more
detailed picture for their control dynamics, yielding controllers capable of improved performance from integer proportional-
integral-derivative (PID) structures [7].

Stability analysis is undoubtedly the main part of control systems theory. Approximately 90% of engineering time in control
engineering is occupied with the analysis of stability. It's one of the biggest research areas in engineering. But in the last few
years, advances in the field of fractional differential equations have generated increasing interest in the study of various
fractional order controllers [8]. Stability is the key aspect of fractional order control systems due to the involvement of the
fractional derivative during the tuning of the fractional controller. There are many methods available to investigate the stability
of fractional order control systems [9].

Step response analysis is a fundamental tool for understanding how linear time-invariant systems behave when they are
subjected to a step input. The insights and conclusions drawn from the step response can subsequently be translated to any
generic function of time through time-invariance. The purpose of step response analysis is to be able to understand the
performance of a system over a long period of time; however, the impetus for the analysis comes from the transition that takes
place from an initial to a steady-state operating condition due to an abrupt input change [10]. To aid in that understanding, a
number of analytic and graphical tools are available. Other types of response analyses consider the immediate response of a
system to a change in input or its time- or frequency-domain harmonic speed, respectively. In other words, step response analysis
identifies the dynamic behavior of a system for all time instants, not only for small values of time [11]. In step response analysis,
the system output behavior when introducing a step input to a system is studied. A step response is the system’s output when the
input switches from one constant level to another. The output of the system varies with time, and its behavior can be known from
the following data: output values, the time at which the output changes, how long it takes for the system to reach stable output,
the nature of the system’s transient response, and whether the system output oscillates or not. A step input is a signal that starts at
some initial value and jumps instantly to one of its final steady-state values. The behavior of the system is characterized by the
time constant, which depends on the type of system [12]. A step response is generally concerned with, but not limited to, the
following indices: Rise Time (Tr): the amount of time required for the response to rise from some initial pre-determined level to
some final pre-determined level. Overshoot (OM): the greatest amount above unity that any overshoot in the response can
achieve. Settling Time (Ts): the time required for the step response to settle within a particular error band for the remainder of
the analysis. Steady-state error (SSE) is the difference between the desired value and the actual value when the time reaches
infinity. In mathematical form, it is defined as the difference between the desired value and the real response as time approaches
infinity [13].

In a wide range of practical engineering and technical systems, it is sometimes necessary to have a certain dynamic behavior
in order to manage their actions. Here comes the basic aim of a control system, where the function of managing this behavior is
done by a controller inside the system. By selecting several controller actions, one can define which features are its main goals
that need to be managed by the system. In the open-loop case, where the system is isolated from the controller, the system isn’t
capable of managing and adjusting its behavior according to the input signal. However, if we attach a controller in the path of the
system, the control action will start to regulate the system's behavior. However, controllers have different distinct structures and
actions. Proportional (P), proportional-integral (PI), proportional-derivative (PD), and PID are all examples of the operating
actions of the controllers, which represent the control actions of a proportional controller, an integral action, a derivative action,
and a combination of all mentioned actions. Fractional or non-integer controllers are the natural evolution of classical PID
controllers for managing today’s complex control problems. The classical PID controller’s integer order calculus has limited
adaptability and flexibility vis-a-vis fractional order derivatives; hence, the fractional order PID (FOPID) controllers are able to
provide improved performance. There are a number of significant differences between a classical PID and its fractional version
in terms of operational requirements. The controller is a multi-input, multi-output system. It is generally too complex to be
analytically described in a traditional form; hence, a direct tuning rule is not yet found. A few years ago, it was only the
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speculative theories that described the possible benefits of using fractional differentiation in industrial control theory and
practice, but today it finds a big list [14, 15].

Controller tuning plays an important role in the design of many applications, such as chemical reactors, robot manipulators,
and automotive systems. System uncertainties, nonlinearities, and dynamic changes that occur in many of these systems dictate
the employment of precisely tuned controllers. These design applications virtually demand the use of feedback controllers to
maintain the system characteristics so that it operates effectively. A well-tuned controller can improve performance by
influencing both the setpoint tracking and transient responses. Genetic algorithms have recently received much attention for the
tuning of controllers because they are capable of handling a non-differentiable scalar-valued function [16]. It is an especially
efficient optimization method for searching the global optimum. Moreover, the genetic algorithm has faster computation times
than other evolutionary strategies. In general, researchers have applied genetic algorithms and evolutionary strategies to the
control of robotic manipulators, chemical processes, and aircraft guidance systems. The main purpose of this essay is to
investigate the different methods and techniques that have been employed to achieve the optimal tuning of controllers using
genetic algorithms in optimization. In the following sections, fuzzy logic, neural networks, a comparative introduction, and
tuning methods will be explained before approaching the main concept of the genetic algorithm and controller tuning, followed
by methodologies, experimental results, and conclusion. The need for exactly tuned controllers is described. Control strategies
that benefit from exactly tuned controllers are discussed [17].

This paper aims to tune the fractional order FOPID controller to set the properties of the step response to researcher’s desire.
For this purpose, the genetic algortihm (GA) is implemented. Here, second section briefly reminds the FOPID controller and the
step response. Third section gives information about the GA and the case study is presented in section 4. The last section has the
conclusions.

2. The Step Response and FOPID Controller

The step response of a system measures how it changes with time after receiving a unit step input. Understanding the step
response has both theoretical and practical importance in the field of control engineering. A system's step response can provide
valuable insight into its properties and is a great way to verify its behavior. For a physical system, a step input can manifest in
various forms such as a sudden gust of wind, a person applying a force on an object, or a jet pilot inadvertently commanding a
quick turn. Also referred to as the jump response, this behavior is primarily studied to gauge a system's stability, and quantitative
analysis of the system's response is done concerning time [18]. Fig. 1 shows a sampe step response [19].
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Fig. 1. An example step response.

The rise time of the system output is the time it takes for the response to go from 0% to 100% of its final value. The
overshoot is the percentage by which the system output “overshoots” its final value. The settling time is the time it takes for the
system response to reach and stay within a given percentage of its final value. Finally, the peak time is the time it takes for the
output to reach the point of the first peak. The settling time, rise time, and overshoot are performance indicators that can be
employed to analyze a number of different system performance characteristics. Each one of these parameters can be analyzed to
draw performance inferences about a given dynamic system. By exploring the significance and interrelationship of these
characteristics, one can better understand the stability and relative responsiveness of particular systems. For example, quick rise
times and low overshoots correspond to systems that are both stable and fast. Moreover, changes in system parameters can affect
the remaining parameters and the overall performance of the system. An increase in one parameter may be desirable, while in
another the opposite may be true. For example, a rise time that is too long may cause an undesirable amount of overshoot [20].
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Following is the transfer function of a FOPID controller.

C(s)=kp+£+kds” )

A
A)

It would be useful to give information about how the fractional-order terms (the integral order A and derivative order p)
influence the controller’s flexibility in adjusting transient response parameters. The fractional-order terms, denoted by the
integral order (A) and the derivative order (p), are crucial in endowing the FOPID controller with its unique flexibility and
resilience. These parameters provide more precise modifications to the system's phase margin and gain crossover frequency,
therefore enhancing stability margins relative to traditional PID controllers. The memory effect intrinsic to fractional calculus
offers a distinct benefit in adjusting the system's response dynamics, leading to smoother transitions, less oscillations, and
enhanced tracking performance. This improved tunability is especially beneficial in situations when competing performance
goals, such as reducing overshoot while attaining a faster settling time, need to be satisfied. In contrast to integer-order
controllers, which are limited by fixed-order calculus, fractional-order parameters provide a wider spectrum of response shaping,
rendering the FOPID controller an effective instrument for tackling intricate control demands. We have provided examples and
references to essential literature to elucidate these ideas, enabling readers to comprehend the theoretical foundations and practical
ramifications of these terminology. We anticipate that this thorough elucidation adequately responds to the comment and
enhances the overall comprehensiveness of the study.

3. The Genetic Algorithm

Genetic algorithms are powerful optimization methods that are frequently used to solve a wide variety of complex
engineering optimization problems. The general flowchart of GA is given in Fig. 2 [22].
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New Population
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Fig. 2. The flowchart of the GA.

Since one of the aims of this text is to employ a GA to tune a PI controller for controlling a simple system, a solid foundation
in genetic algorithms is required to know more about the tuning process. This text attempts to discuss the fundamentals of GAs
and some of the various ways they can be used. A GA works with a population of chromosomes that represent the solutions of
the variables being optimized at any given moment. Each chromosome is formed from a specific number of genes, where each
gene is a decision variable within the optimization problem. These chromosomes evolve through a series of generations that
become more and more optimized. When an optimization problem is first initialized, the population of chromosomes is usually
generated randomly. Over time, these chromosomes go through a process whereby a new generation of solutions is created.
Chromosomes evolve in order to get the best solutions. The major factors influencing this evolution process are the initial
population, the fitness functions, and genetic operators [21]. Each chromosome is evaluated for its fitness with respect to the
problem's objectives using a fitness function. High fitness values represent good solutions, and low values represent poor
solutions. Ultimately, the GA is trying to evolve a population of chromosomes where the majority have high fitness values. A
selection process based on the fitness of each chromosome, known as survivor selection, is essential to ensure the best
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individuals survive in each generation. This selection process mimics the principles of natural selection by allowing the most
successful individuals to survive in the population and have the chance to produce offspring. Algorithm parameters, like
population size, mutation rate, and crossover probability, are key components that critically affect how the genetic algorithm will
work in solving the problem.

In GA, candidate solutions are represented as chromosomes, with the collection of all chromosomes forming a genetic pool.
Each chromosome's fitness value indicates its suitability as a solution, affecting its likelihood of being selected for reproduction.
Chromosomes with higher fitness values have a greater probability of survival, as they are more likely to contribute to the
creation of new solutions. To generate new candidate solutions, GA applies genetic operations like crossover (recombination)
and mutation. Crossover combines information from two parent chromosomes to create offspring, while mutation introduces
small, random changes. These processes promote diversity within the pool, expanding the search space and enabling exploration
of a broad range of possible solutions. GA's selection process prioritizes chromosomes with higher fitness values, ensuring that
more promising candidates are retained. By iteratively repeating selection, crossover, and mutation, the population evolves,
progressively converging toward an optimal or near-optimal solution. The algorithm concludes when certain termination criteria
are met, such as reaching an adequate fitness level or a specified number of generations. Through this iterative, evolutionary
approach, GA effectively searches complex solution landscapes, identifying highly optimal solutions.

Now, let us study the problem on an example.

4. The Study

Let us consider the following transfer function.

K —Ls

P(s)= e
() Ts* +1

@

The order of the numerator polynomial here is also a real number which yields to a fractional order plant. The parameters of
the plant are, K=0.99932, T=1.0842, L=0.1922 and alpha=1.0132. The plant also has an internal delay which is represented by
the parameter L. Initially, the overshoot of the step response is set to be 25%. In other words, the peak of the step response is
tuned to be 1.25. At the same time, the steady state time is set to be 2.5 seconds. Besides, the most important property to be
achieved is the stability. For these constraints, the following FOPID controller is calculated.

G (s) =—10.84814-@+2.0334S0.573s1 5

0.73025
N

With the FOPID controller above, the step response in Fig. 3 has been obtained.

The step response clearly shows that the stability is successfully achieved. Besides, the peak point of the step response is on
1.25 and the response reaches steady state at approximately 2.5 seconds. For comparison, the same objectives were considered,
and a classical integer-order PID controller was re-tuned using the GA. The optimized controller is given in the following form.

41171
C,(s)=1.3139+ l

+0.34915s 4

Step response obtained in this case is given in Fig. 4. This figure shows that the overshoot requirement is successfully met.
However, the system showed a slower settling time in which the system reached the steady state in more than 2.5 seconds. Thus,
it can be said that the fractional order controller showed better performance in satisfying time domain specifications. It was
proven in the previous studies that the integral operator of the controller has significant effect on the steady state of the system.
Since the integral operator of the fractional order controller has a fine-tuning ability because of the real order, the time domain
response could be achieved in a more convenient way.

This time, no overshoot is wanted in the step response. Also, the rise time is desired to be 1 seconds and settling time is set to
be 3 seconds. In this direction, the following FOPID controller is calculated.

Gi(s) =8.0337-{-%_’_18.210980.66562 -

0.70419
h)

The step response obtained with the above controller is given in Fig. 5. It is clear in the figure that desired specifications have
been successfully met.
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Again for the same specifications, following PID controller has been tuned with the GA.

C,(s)=4.0128+ 33411 +0.44433s (6)
s

The step response of the system controlled with C,(s) is given in Fig. 6. It is clearly seen when comparing Fig. 5 and Fig. 6
that the fractional order controller showed a smoother response in rise time although the desired specifications were largely met.

Finally, let us tune the overshoot to reach the point 1.1 having the peak time to be 1 second. It means that the step response
will reach the peak point in 1 second. The settling time in this case is 5 seconds. FOPID controller obtained for this purpose is

given below.

C(s)=7.5493 + w 1£2.5977505411

1.3452
N

)

The step response is given in Fig. 7.
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The figure demonstrates that the specified requirements are successfully met. Thus, the effectiveness of the method are shown
in 3 different cases. Before proceeding to the next section, it would be better to provide more information on how the GA
parameters were chosen. In the study, the population size of 50 was selected to optimize computing efficiency and genetic
variety. A sufficiently large population guarantees that the method investigates an extensive solution space while minimizing
computing expenses, which is essential for real-time or resource-limited applications. The mutation rate was established at 5%, a
figure obtained from empirical research in optimization literature. This rate ensures adequate heterogeneity throughout the
population, enabling the algorithm to prevent premature convergence to local optima while maintaining a steady advancement
toward the global solution. The crossover probability, an essential element in recombination, was established at 80%,
guaranteeing that most offspring acquire advantageous features from their progenitors. This elevated likelihood enhances
convergence by using optimal solutions while preserving sufficient randomness to investigate new options. Tournament selection
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was utilized as the selection method, a well-established strategy known for promoting competition among chromosomes. This
approach guarantees that the most fit individuals have a higher probability of reproduction, hence facilitating the exploitation of
superior solutions and the exploration of the search space. The termination criteria were established to optimize computational
efficiency and effectiveness. The method was programmed to conclude either upon achieving a specified fitness threshold or
after 200 generations, a limit established to permit adequate iterations for convergence while preventing excessive computing
burden.

5. Conclusions and Discussion

In recent years, the field of control system design and analysis has encountered a noteworthy issue, particularly in relation to
adjusting a system's response when faced with a unit step reference. This adjustment aims to achieve specific transient
characteristics for various system references, taking into account the diverse demands of practical applications that require fast,
precise, and stable control systems. Consequently, there has been increasing interest within the control community towards the
development of advanced control methods, specifically fractional-order controllers. Numerous scholarly works, including papers
and books, have contributed significantly to the literature on fractional-order systems, as they emphasize the value of fractional
calculus in controller applications. Among the different types of fractional-order controllers, the fractional-order proportional-
integral-derivative (FOPID) controller has proven its adaptability by successfully achieving desired step responses. This
achievement is made possible through the adjustment of five tuning parameters, which collectively influence a wide range of
response characteristics such as performance, phase margin, immunity to plant modeling, and robustness. The focus of this paper
is to delve into the development of a FOPID controller, which aims to overcome the limitations of traditional PID controllers
when it comes to meeting both rapid response and settling time requirements. The primary objectives of this controller design are
to ensure the stability of the system, while concurrently fine-tuning overshoot and settling time. This study illustrates that
including fractional orders in controller design provides notable benefits compared to traditional integer-order controllers,
especially in modulating the transient response. Fractional orders provide more degrees of freedom via the integral order (A) and
derivative order (p), enabling more accurate adjustment of system dynamics. Fractional-order controllers provide smoother rising
times, less overshoot, and expedited settling periods relative to integer-order controllers, even when both are tuned under
analogous conditions. The enhancement is apparent in the step response plots, where the fractional-order controller consistently
meets rigorous time-domain criteria with more efficacy. The fine-tuning capabilities of fractional operators, due to their non-
integer flexibility, enables the system to more effectively balance conflicting objectives, such as reducing overshoot while
maintaining settling time. Conversely, conventional PID controllers are restricted by fixed-order calculus, which hinders their
flexibility and frequently leads to inferior performance, particularly in complex or nonlinear systems. The study's results
demonstrate that fractional controllers improve stability margins and deliver enhanced performance in achieving multi-objective
requirements, rendering them a formidable option for advanced control applications. To accomplish this, the researchers employ
the use of a genetic algorithm, which proves to be effective in identifying the optimal tuning parameters. Throughout the paper,
detailed examples are provided to demonstrate the exceptional effectiveness of the proposed FOPID controller in meeting the
targeted performance criteria. With the study in this paper a FOPID controller has been designed using the genetic algorithm
approach. The five parameters of the controller are tuned to satisfy multi-objectives in the step response of the system. The step
response includes properties like rise time, overshoot, peak time, settling time and steady state. The method is told to be a multi-
objective approach in that moe than one of these properties are tried to be satisfied simultaneously. As the result, the step
response could be shaped towards system requirements. The effectiveness of the method has been shown on an illustrative
example including different cases. This study aims to serve as an enlightening reference for researchers exploring controller
tuning.
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Abstract

The world of education is constantly transforming with the advancement of technology. Today, in addition to traditional methods, digital
tools have begun to be widely used to support education and training processes. In this context, online electronic quiz applications play a very
important role in evaluating student performance and enriching the learning experience. In this study, an online quiz application was developed
using nextjs, tailwindcss and prisma technologies, respectively. The app introduced a solution that allows teachers to create interactive and
customizable quizzes for their lessons. Our application offers teachers the flexibility to determine the desired number of questions for each
quiz, along with the option to choose courses and topics. Additionally, teachers can add and edit their own questions. Teachers can evaluate
students' in-depth understanding with questions they select from a wide pool of questions and create quizzes that suit their learning objectives.
By adding their own questions, teachers can create quizzes that better suit course materials and student needs, further personalizing students'
learning. In this way, both the student and the teacher can apply the quiz efficiently and quickly.

Keywords: “Education, nextjs, online quiz.”

1. Introduction

With developing technology, the way and speed of accessing information has also changed. Today, the most common method
used to access information in the easiest way is the internet. Distance education and distance exam applications are now carried
out over the internet [1]. Online online exams are known as an administration method in which exam content is distributed,
analyzed and reported using the Internet. It is very important for both the student and the teacher to check the measurement and
evaluation results correctly. It is known that traditional assessment and evaluation and many different alternative tools are used to
evaluate student success [2]. Secure field exams go beyond browser-based testing to ensure the safety of test items and are
carried out in test centers that require high levels of security or in specially designated places such as high schools and
conference centers [3]. In a different study, the features of a web-based exam were determined in detail [4]. Using elements such
as videos in online education can help both those with limited literacy skills and individuals with a visual learning style [5]. In a
different study, it was emphasized that student monitoring tools in web-based exam systems should be easy, fast and usable [6].
In a study of online exams, it was reported that there was a small difference between students' choice of web-based assessment
and the traditional method [7]. It has been reported that there are some limitations encountered in online exams. Some of these
include exams requiring computer and internet access, as well as security issues [8]. Measurement and evaluation are used
effectively in planning and directing education and measuring students' success [9]. Compared to classical tests, interactive
multimedia tests reflect the student's learning performance better [10]. Karakaya stated that there are many academic studies on
online exam systems. It has been reported that online examination systems also increase the quality of learning in many cases,
compared to classical methods, depending on the field of use, purpose, size and student profile [11]. Distance education is used at
all levels of formal and non-formal education systems in the education systems of nations around the world [12]. Applications
have revealed that people's test results on the internet are almost the same as their test results in the classroom environment, and
that students prefer tests on the internet [13-14]. An online web-based file tracking system for lawyers was developed [15]. A
detailed web-based advanced taxi appointment management system was developed [16]. A web-based expert system-based
application was made in a different field [17].

! Corresponding Author
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This study differs from other studies in that it offers personalized experience, advanced analytics and reporting, real-time
interaction, and different exam types and formats. The aim of this study is to develop a safe, effective and efficient online exam
model for teachers and students to conduct and evaluate exams.

2. Material and Methods

The software technologies used in this study are as follows;

Next.js: Next.js, a React-based framework, enables the development of SEO-friendly, fast web applications with features
such as server-side rendering and static site generation.

TailwindCSS: It is a utility-first CSS framework, meaning it offers the ability to quickly style using ready-made classes. In
this way, developers can create more flexible and customizable designs.

Prisma: It is a modern ORM (Object-Relational Mapping) tool, used to facilitate and optimize database operations. It offers
developers the opportunity to write type safety and efficient queries when working with SQL databases.

In this study, a dynamic online quiz software was developed. The technologies used to perform the work are nextjs,
tailwindcss and prisma. The interfaces and explanations of the developed web-based application are made respectively. The
general interface of the application is shown in Fig. 1.

SeloQuiz D Logout

Dashboard Dashboard + Add Quiz

eate Quiz

Quiz Summary

ﬂ Last Quiz Edit Quiz @

/ \D\D/‘J

o

Fig. 1. General Interface
A useful interface has been developed where teachers can see how many students, how many questions, how many classes
and categories there are and where they can easily access other tools. The database relationships of the developed application are
shown in Fig. 2.

Quiz-quizuser Relationship:

e  When creating a quiz, a quizuser table is created for each user, so there is a one-to-many relationship.
e The id column of the quiz table references the quiz table as foreign.

Quiz-user Relationship:
e A user can have more than one quiz, and since a quiz can also have more than one user, there is a many-to-many

relationship.
e The id column of the user table and the id column of the quiz table are located in the userquiz table as foreign keys.
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Fig. 2. Relationships between tables
User-class Relationship:

e FEach user can have a class and each class can have more than one user, so there is a one-to-many relationship.
e The id column of the class table references the user table as foreign.

Category-subcategory Relationship:

e  While each subcategory can belong to one category, each category can have more than one subcategory.
e The id column of the category table references the subcategory table as foreign.

Question-subcategory Relationship:

e  While each question has a subcategory, each subcategory can have more than one question.
e The id column of the subcategory table references the question table as foreign.

The flow diagram of the developed application is shown in Fig. 3.

A part of the code block of the developed application was shown in Algorithm-1. We collect the subcategories selected in the
code section into an array. Then, we reach the id part by querying with prisma, and by collecting the id parts in an array and
making a where query on the question table, we obtain all the questions belonging to those subcategories, divided into categories.
Then, we create the quiz dynamically by randomly selecting as many questions as the number of questions entered by the teacher
from each category. Code block-1 in table 1, the code block that is a part of the quiz creation process was shown.
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Fig. 3. Flow diagram of the developed application

Table 1. Code Block-1 Quiz Creation

Code Block-1: Quiz Creation
export const getCheckedSubCategory=async(formData:any)=>{

if(!math && !relegion && !science && !english && !turkish && 'history ...)).....
if (science) Then

{const sciencel <science.split(",")

sciencel.map((item:any)=>(

arr.push(item)))
end if

const subCategory <-await prisma.subCategory.findMany({
where: {title: {in:[...arr]} } })

const subCategory 1 €subCategory.map((item:any)=>( arrl.push(item.id)
await prisma.quiz.create(

{data€-{

questionld<[...question1],

Teacherld€teacherld],

classNamel <classes,

Deadline<date1.toISOString(),

sumQuestion:top

Fig. 4 shows the interface where teachers can create class-based quizzes by selecting the number of questions, topic and quiz
time.
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Fig. 4. Quiz creation interface

Our app allows teachers to create a quiz by choosing the course topic they want to include and the number of questions per
lesson. Exams are assigned on a class-by-class basis and require a specific deadline. Fig. 5 shows an interface with quizzes
created by teachers and waiting to be approved. Additionally, teachers can perform various operations through this interface.
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The quiz list page contains quizzes waiting to be approved. The teacher checks the questions in the quiz and if everything is

Fig. 5. Quiz list for teachers

correct, starts the quiz by choosing a deadline. Fig. 6 shows an interface where teachers can add questions.

Teachers can add questions to the question pool. Fig. 7 shows an interface where questions can be listed and edited.

They can edit the added questions as shown in Fig. 7. Fig. 8 shows an interface with a list of previously solved or expired

quizzes created for students.
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Fig. 6. Question adding interface
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Fig. 7. Question list interface
1Ds True Answer Count False Answer Count Sum Question Count Dedline Process
2 19 21 Sat, 18 May 2024 21:08:00 GMT Completed, Ded
0 0 23 Fri, 17 May 2024 00:22:00 GMT Completed, Ded
0 0 7 Sat, 18 May 2024 17:43:00 GMT Completed, Ded
2 5 7 Sat, 18 May 2024 17:43:00 GMT Completed, Ded
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1 3 4 Wed, 22 May 2024 12:43:00 GMT Completed, Ded
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0 0 4 Wed, 22 May 2024 12:47:00 GMT Completed, Ded
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Fig. 8. List of passive quizzes for students
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The quiz list for students looks like Fig. 8. From this screen, students can follow their quiz history and scores. Fig. 9 shows
the quiz that has not been solved before and has not expired for students.

145 0 0 4 Sun, 26 May 2024 21:18:00 GMT Completed, Ded
148 0 0 4 Sun, 26 May 2024 21:20:00 GMT Completed, Ded
154 2 4 b Mon, 27 May 2024 23:25:00 GMT Completed, Ded
158 0 0 5 Wed, 20 May 2024 19:37:00 GMT Go

Fig. 9. Quizzes active for students

If there is a newly added quiz, it will appear as in Fig. 9 and you can start solving the quiz by clicking the go button. Fig. 10
shows the question interface that students use to solve quizzes.

6- By the time the students
the day on the blackboard.

to the classroom, the teacher all the topics of

A:come/has written
Bthad come/was writing
C:came/had written

D:came/had written

Fig. 10. Question view for students

The questions appear as in Fig. 10. Each question must be answered. If the answer is not given, the question cannot be
passed. Fig. 11 shows the question to which the student answered incorrectly.

6- By the time the students to the classroom, the teacher all the topics of
the day on the blackboard.

A:come/has written

C:came/had written

D:came/had written

Fig. 11. Wrongly answered question view

If the question is answered incorrectly, it appears as in Fig. 11. Fig. 12 shows the question that the student answered
correctly.

If the question is answered correctly, it looks like Fig. 12. Fig. 13 shows an interface where you can see your score and finish
the quiz after the quiz is over.

After the quiz is over, the student can see their score, then press the finish quiz button and then return to the quiz list page by
clicking "go back".
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6- By the time the students
the day on the blackboard.

to the classroom, the teacher all the topics of

A:come/has written
B:had come/was writing
C:came/had written

D:came/had written

Fig. 12. View of the correctly answered question

v

Score:2/5

Finish Quiz Go Back

Fig. 13. End of exam interface

3. Conclusions And Future Works

In this study, a detailed and dynamic quiz application was developed. Our web-based application allows teachers to make
class-based assignments and deactivate quizzes if they are not solved by the specified date. This process provides teachers with
control and monitoring and encourages students to complete quizzes on time. As a result, our electronic quiz app helps teachers
and students make their educational process more effective and efficient. It has great potential for tracking student success,
customizing the learning experience, and increasing engagement. The ability of teachers to add and edit their own questions to
the question pool is important for the dynamic aspect of the application. In future studies, the algorithm of displaying the
questions to be answered by the student on the student screen can be realized with online smart exam systems. Add-ons such as
artificial intelligence-supported evaluation, rich multimedia content, and gamification can be added to the interface.
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Abstract

This study aims to improve the performance of the Spider Wasp Optimization (SWO) algorithm, a swarm intelligence algorithm recently
introduced in the literature, on various test functions with fixed and variable dimensions. Optimization can be defined as making a system as
efficient as possible with minimal cost within certain constraints. Numerous optimization algorithms have been designed in the literature and
used to obtain the best solutions for specific problems. The most critical aspects in solving these problems include correctly modeling the
problem, determining the problem’s parameters and constraints, and finally selecting an appropriate meta-heuristic algorithm to solve the
objective function. Not every algorithm is suitable for every problem structure. Some algorithms perform better on fixed-dimension test
functions, while others in solving variable-dimension test functions. In this study, the performance of the SWO algorithm was evaluated on 10
test functions previously used in the literature, consisting of three fixed-dimension functions (Schaffer, Himmelblau and Kowalik Functions)
and seven variable-dimension functions, including one unimodal function (Elliptic Function) and six multimodal functions (Non-Continuous
Rastrigin, Alpine, Levy, Weierstrass, Michalewicz, and Dixon & Price Functions). The solution values obtained for each of the selected
functions were compared with the solutions obtained using the Harris Hawks Optimizer (HHO), the Charged System Search (CSS), and the
Backtracking Search Optimization Algorithm (BSA).

Keywords: “Spider wasp optimization, Harris hawks optimizer, charged system search algorithm, backtracking search
optimization, fixed and variable size unimodal and multimodal test functions.”

1. Giris

Bir problemin optimizasyonu, verilen kisitlar altinda o problem i¢in mevcut olan ¢éziimler arasinda en iyi olana ulasmak
demektir, kisaca en iyi ¢oziimii bulmaktir. Optimizasyon problemleri mithendislik, tip, karar verme ve tarim gibi bircok alanda
yaygin hale gelmistir[1-17]. Bu alanlardaki optimizasyon problemlerini ¢dzmek i¢in deterministik yontemler olarak da bilinen
cesitli geleneksel yontemler Onerilmistir. Ancak bu yontemlerin yerel minimumlara yakalanma, gradyan (tiirev) bilgisi
gerektirme, uzun zaman alma ve bazi gergek diinya optimizasyon problemlerine uygulanamamasi gibi dezavantajlar1 vardir. Bu
nedenle son kirk yildan beridir bu problemlerin iistesinden gelmek igin ¢esitli meta-sezgisel algoritmalar (MA) olarak bilinen
modern stokastik teknikler onerilmistir. Meta-sezgisel algoritmalar tipik olarak biyolojik veya fiziksel olaylar taklit eder,
dogadan ilham alan MA’lar olarak da bilinir. MA’lar fizik tabanli, evrim tabanli, siirii tabanlt ve insan tabanli olmak iizere dort
ana kategoriye ayrilabilir. Tlk kategori esas olarak fizik tabanli MA’lar olarak bilinen MA’lar1 énermek icin fizik kurallarinim
benzetimi kullanir. Evrim tabanli MA’lar olarak adlandirilan ikinci kategori, dogadaki dogal evrim siirecinin benzetimini isler.
Siirii tabanli MA’lar olarak bilinen iigiincii kategori, hayvanlarda ve kuslarda siirii zekasinin sosyal davranislarinin benzetimini
kullanir. Son kategori ise insanlarin yagamlarindaki sosyal davranislarindan esinlenen insan tabanlt MA’lardir [18].

Caligmada, stokastik optimizasyon i¢in dogadan ilham alan yeni bir siirli tabanli meta-sezgisel algoritma, yani disi 6riimcek
arisinin avlanma, yuvalama ve ¢iftlesme davraniglarin taklit etmeye dayanan oriimcek arist optimizasyonu (SWO-Spider Wasp
Optimizer) kullanilmigtir. Bu algoritma, Griimcegi arama, diisen driimcegi takip etme ve kagma, fel¢li 6riimcegi yuvalama ve disi
oriimeek arilarinin yumurtasini birakmak icin ¢iftlesme davraniginin benzetimini kullanan dort operatorii igermektedir.

! Corresponding Author
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Bu c¢aligmada SWO algoritmasi1 toplamda on adet sabit ve degisken boyutlara sahip unimodal ve multimodal test
fonksiyonuna uygulanmigtir. SWO’nun uygulanmastyla elde edilen sonuclart karsilastirmak i¢in literatiirden ii¢ farkli algoritma
secilerek ayn1 fonksiyonlara ayni sartlarda uygulanmistir. Bu ¢alisma i¢in s6z konusu algoritmalar, siirli tabanli olan Harris sahini
optimize edici (HHO-Harris Hawks Optimizer) [19], fizik tabanli olan yiiklii sistem arama algoritmas1 (CSS-Charged System
Search Algorithm) [20] ve evrim tabanli olan geri izleme arama optimizasyon (BSA-Backtracking Search Optimization
Algorithm) [21] algoritmasi olarak belirlemistir.

Bu ¢aligmanin literatiire ii¢ temel katkis1 bulunmaktadir:

(i) Calismada, SWO algoritmasinin sabit ve degisken boyutlu, unimodal ve multimodal 10 farkli test fonksiyonu iizerindeki
performansi sistematik olarak analiz edilmistir.

(i1) SWO’nun performansi, farkli temellere dayanan (siirii, fizik ve evrim tabanl) ii¢ gii¢lii algoritma ile (HHO, CSS, BSA)
kapsamli bi¢cimde karsilastirilmigtir.

(iii) Algoritma ile daha 6nce kullanilmayan farkli test fonksiyonlar1 optimize edilerek, algoritmanin en iyi sonug verdigi
matematiksel model tipi tartisilmistir. Bu yonleriyle ¢alisma, SWO’nun farkli test fonksiyonlar tiirlerinde kullanilabilirligini
ortaya koymustur.

1.1.  ligili Calismalar

Sui ve arkadaslar1 ¢alismalarinda, Cok Stratejili Gelistirilmis Oriimcek Yaban Aris1 Optimizasyonu (MISWO) adli yeni bir
algoritmay1 onererek miihendislik optimizasyon problemlerine ¢6ziim sunmaktadir. Gri Kurt Algoritmas: (GWO), adaptif adim
boyutu ve Gauss mutasyonu gibi tekniklerle klasik Oriimcek Yaban Arist Optimizasyonu (SWO) algoritmasinin performansi
iyilestirilmistir. 23 test fonksiyonu ve 7 miihendislik optimizasyon problemi iizerinde yapilan deneyler, daha hizli yakinsama,
yiiksek dogruluk ve stabil performans agisindan MISWO’nun diger optimizasyon algoritmalarina kiyasla istiin sonuglar
verdigini gostermektedir [22].

Cetinbas calismasinda, fotovoltaik (PV) sistemlerin modelleme dogrulugunu artirmak amaciyla Agirlikli Lider Arama
Algoritmasimni (WLS) kullanarak tek, ¢ift ve {i¢ diyotlu PV modellerinin parametre ¢ikarimini optimize etmistir. Calismada, iki
farkli PV hiicresine ait 6 model ve alti PV modiiline ait 18 model olmak iizere toplam 24 model analiz edilmis, WLS
algoritmasinin etkinligi Oriimcek Yaban Aris1 Optimizasyonu, Karides ve Gobi Arama, Fennec Tilkisi Optimizasyonu, Kepler
Optimizasyonu gibi yedi yeni optimizasyon algoritmasi ile karsilastirilmistir. Friedman ve Wilcoxon sirali-rank testleri ile
yapilan analizler, WLS algoritmasinin hata orani, RMSE ve standart sapma agisindan iistiin performans gosterdigini ortaya
koymustur [23].

Calismada Liang ve arkadaslari, insansiz hava araglar1 (UAV) icin ii¢ boyutlu yol planlamasinda Gelistirilmis Oriimcek
Yaban Aris1 Optimizasyonu (ISWO) algoritmasint 6nermektedir. SWO algoritmasinin niifus giincelleme formiiliinii iyilestirerek,
Diferansiyel Evrim (DE) ve Kerevit Optimizasyonu Algoritmasi (COA) ile birlestirmistir. Ayrica, karsit 6grenme stratejisi ile
niifus cesitliligini artirarak yerel minimumlara takilma problemini azaltmistir. 2017 test seti kullanilarak, algoritma daglik
arazilerde UAV rotalarin1 en aza indirgeme amaciyla test edilmistir. Sonuglar, ISWO’nun daha az iterasyonla daha kisa ve daha
giivenli ucus yollar tirettigini gostermektedir [24].

Biitiin bu ¢alismalara ek olarak, SWO algoritmasi ve bu algoritmanin g¢esitli metotlarla gelistirilmis versiyonlari son donemde
literatiirde farkli alanlarda birgok problemin ¢6ziimiinde basartyla uygulanmistir [25-30].

2. Dogadaki Oriimcek Arisi

Diinyada ¢ogunlukla tropikal bolgelerde yaygm olarak bulunan 6riimcek yaban arilari (Pompilidae), Hymenoptera'daki en
biiyiik sivri u¢lu yaban arilarindan biridir. Diinyada 254 cins ve bes alt familyaya ayrilmig yaklasik 5000 tanimlanmis Pompilidae
familyasinda tiir vardir. Oriimcek arisi, driimeegi yavrular icin en uygun besin kaynagi olarak kullanan yirtic1 béceklerdir.
Isimleri tercih ettikleri avlardan ve benzersiz avlanma davranislarindan gelmektedir. Bu 6riimcek arist tiirii, ince govdeleri ve
dikenli bacaklariyla karakterize edilir. Bu driimcek arist tiiriiniin birka¢ canli renkli tiirii vardir, ancak bunlar genellikle mavi
veya siyahtir, bazen de metalik parlak olabilir. Siyah renkli disi bir yaban arist tiirii Sekil 1a’da verilmistir. Bu yaban arilari
genellikle ¢igek nektariyla beslenirler veya yerde av ararlar. Disi 6riimcek arilari larvalari igin yeterli yiyecek saglamak amaciyla
oriimcekleri avlarlar [18, 22, 24-30].
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Sekil 1. (a) Bir Oriimcek aris1 disisi; (b) Disi 6riimcek aris: fel¢li bir 6riimcegi acik yuvasina dogru siiriikler; (c) Erkek ve disi
oriimcek yaban arilari. Disinin 6nemli 6l¢iide daha biiyiik viicut biiyiikliigiine dikkat edin [18].

Disi 6riimeek arisi, beslenmek i¢in, kendilerine yeterli avini (6riimcek) aramak ve yumurtalarini birakmak igin, yuva aramak
icin kullanilan benzersiz avlanma ve yuvalama davraniglarina sahiptir. Avlanma davranisi agisindan disi 6riimeek arisi, ¢gevredeki
ortamlarda avlarini rastgele aramak icin ¢esitli besin arama stratejileri kullanir. Disi 6riimcek arisi, larvalarina ev sahipligi
yapacak (konakg1) ortimcekleri rastgele aramaya baslar. Kisa yolculuklarin yani sira yerde veya yapraklar {izerinde titreyen
kanatlar1 ve antenleriyle siirekli hareket halinde yiiriirler. Uygun bir konakg¢1 6riimeek bulundugunda, disi 6riimcek aris1 kosarak
veya ucarak onu aginin merkezinde kovalamaya baglar ve gogsiiniin (sefalotoraksinin) alt kismindan bir veya daha fazla zehirli
wsirikla onu bastirir. Bu durumda 6riimceek, agindan yere diigebilir ve larvalarini beslemek icin onu felg etmek tizere disi 6rtimcek
aris1 tarafindan takip edilebilir. Disi 6rtimcek ignesini, konake1 olacak driimcegin hareket kabiliyetini etkileyen 6nemli bir sinir
merkezinin yakinina yerlestirir. Bu durumda av 6lmez, fakat kalic1 fel¢ halinde kalir. Felg olan o6rtimcegin hareketlerinin
durmasimdan sonra oriimcek arisi antenleriyle bu orlimcegin yiizeyini kesfetmeye baslar. Daha sonra oriimecek arisi felgli
oriimcegi onceden hazirlanmis yuvaya ¢eker ve altgcenesiyle bacaklar arasinda tutar. Avini (6riimcegi) 6nceden hazirlanmis bir
yuva iizerinde siiriikleyen bir oriimcek yaban arismi Sekil 1 (b)’de gosterilmektedir. On ayaklariyla topragi geriye dogru
kaziyarak yuva yapar. Disi bir Sriimeek arisi, 6riimcegin karnina bir yumurta birakir ve ardindan yuvayi kapatir. Birkag giin
sonra Orlimcek arisinin yumurtasi ¢atlar ve konagin (6riimecegin) yenilebilir kisimlarini alt ¢enesini kullanarak tiiketmeye baglar.
Oriimcek aris1 larvasi, felgli Sriimcegin iizerinde birkag giin boyunca gelisir, yetiskin oluncaya kadar cesitli gelisim
asamalarindan geger ve birkag hafta sonra yuvadan ¢ikar. Konake¢1 driimcegin boyutu, gelisen 6riimcek arisi larvalarina yiyecek
saglamaya yeterli olmalidir. Oriimcek arilari topragi kazmak ve iginde hiicre inga etmek veya yaprak veya kayalarda ¢amurdan
yuvalar yapmak gibi ¢esitli yuvalama davraniglarina sahiptir. Digerleri ise Oriimcek (av) yuvalart veya bdcek delikleri gibi
onceden var olan yuvalar1 veya oyuklar1 kullanirlar. Disi oriimcek arisi, av orlimceginin boyutuna bagli olarak yavrularinin
cinsiyetini belirleyebilir. Disi bir driimcek arisi, haplodiploid cinsiyet belirleme sistemini (tim zar kanathilarda bulunur)
kullanarak yumurtlama sirasinda yavrularimin cinsiyetini segebilir. Bu kavram, eger biiyiik konaklarda (6riimcekler) biiylimek
disilerde erkeklerden daha fazla {ireme basarisi sagliyorsa, annelerin ¢ogunlukla kiigiik konaklara déllenmemis yumurtalar
(erkekler) ve bilyiik konaklara dollenmis yumurtalar (disiler) birakmasi gerektigi anlamina gelir. Bu nedenle, erkeklerin boyutu
disilere kiyasla daha kiigiiktiir. Erkek ve disi 6riimcek aris1 boyutu Sekil 1.c’de gosterilmektedir. Konagin(6riimcegin) agirligi
larvalarin bilylimesi ve hayatta kalmasi i¢in gereklidir. Oriimcek arisinin hayatta kalamamasi, larvalari besleyecek yeterli
biiyiikliikte bir 6riimcegin bulunmamasindan kaynaklanmaktadir. Kiigiik bir ériimcek konakgi, driimcek arist larvasina yeterli
miktarda yiyecek saglamayacaktir. Oriimcek arilarinm kuru bir alanda, 6zellikle kayalarin iizerinde yuva yapmasi, bagka bir
bocegin yuvay1 kesfetmesi ve larvayi ev sahibiyle birlikte yerken onu yok etmeye ¢aligmasi, ayrica bilinmeyen baska nedenler de
dahil olmak tizere cesitli dig nedenler yuva kurma ve larva biiylitme basarisizligina yol agabilir [18, 22, 24-30].

3. Yontem: Oriimcek Aris1 Optimizasyon Algoritmasi

Bu c¢aligmada, her oriimcegin karnina tek bir yumurta birakarak bazi 6riimcek arisi tiirleri ig¢in avlanma ve yuva yapma
davraniglarindan ve zorunlu kulucka parazitliginden esinlenmis, yeni bir optimizasyon algoritmast olan SWO tanitilmaktadir.
Disi 6riimeek arilari ilk olarak uygun oriimcekler igin ¢evredeki ortamlari arastirir. Uygun avi ve yuvalart bulduktan sonra onlari
felg eder ve yuvalara siiriikler. Disi orlimeek arilar1 uygun avi yuvalara siiriikledikten sonra, oriimcegin karnina bir yumurta
birakir ve yuvay1 kapatirlar. SWO algoritmasi, arama uzayima belirli sayida disi 6riimcek arisim rastgele dagitir. Sonra disi
ortimeek arilarinin her biri, tiim zar kanatlilarda bulunan avlanma ve takip etme davranislari olarak bilinen haplodiploid cinsiyet
belirleme sistemi tarafindan belirlenen yavrularinin cinsiyetine uygun bir 6riimcek aramak icin siirekli hareket halinde arama
alanin1 kesfetmeye devam edeceklerdir. Disi 6riimcek arilari, uygun oriimecekleri bulduktan sonra agin merkezlerinde onlar1
yiyecekler ve agdan diisen Ortimcekleri ise alt1 kez yerde arayacaktir. Daha sonra disi 6riimcek aris1 avina saldirir ve onu dnceden
hazirlanmis yuvaya siiriiklemek i¢in felg etmeye ¢alisir. Daha sonra disi 6riimcek aris1 6riimeegin karnina bir yumurta birakarak
yuvay1 kapatir. Bu algoritma kapsaminda arama, takip etme ve kagma, yuvalama ve ciftlesme davraniglari olarak belirtilen
oriimeek aris1 davranislarinin benzetimi gergeklestirilerek matematiksel modelleri olusturulacaktir [18, 22, 24-31].
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3.1.  Baslangi¢ Popiilasyonunun Olusturulmasi

Bu algoritmada, her bir driimecek arisi (disi), mevcut nesildeki bir ¢oziimii temsil eder ve D boyutlu vektor olarak esitlik
(1)’deki gibi kodlanir.

W: [xl,xz,X3,...,xD] (1)

Ust baglangig parametre smnir1 olan H ile alt baslangic parametre sinir1 olan L degerleri dnceden belirlenir ve bu iki deger
arasinda bir dizi N vektori esitlik (2)’deki gibi rastgele olusturulur [18, 22, 24-30]:

[5W1,1 SWiz2 0 SWip

SWz1 SWz2 ° SWpp

SWeop = l : : : : &)
SWn1 SWpypo = SWyp

Burada SWp,, oriimcek arilarinin baslangi¢ popiilasyonudur. Arama alaninda rastgele herhangi bir ¢6ziim olusturmak igin
asagidaki denklem kullanilir.

SWf=L+#x(H-L) 3)

Burada ¢ nesil, i niifus indeksini gostermektedir (i=1,2,...,N). Denklemdeki #ise 0 ile 1 arasinda rastgele baglatilan D boyutlu
sayilardan olusan bir vektorii temsil etmektedir.

3.2.  Avlanma ve Yuvalama Davranmisi

Disi 6riimcek arisi, av yolculuguna larvalarini besleyecek driimcegi/avi arayarak baslar. Aramalari, en uygun avi bulmak igin
arama alani igerisinde rastgele gerceklestirilir ve buna arama veya kesif asamasi denir. Sonra avinin etrafini sarar ve kosarak ya
da ucarak onu kovalar. Bu agsamaya kusatma ve kovalama asamasi denir. Son olarak, son agamada ise oriimcek aris1 yumurtasini
felgli 6riimcegin karninin tizerine birakmak i¢in onu dnceden hazirlanmis yuvaya dogru siiriikler [18, 22, 24-30].

3.2.1. Arama Asamasi (Kesif)

Bu asama, disi oriimcek arilarmin, larvalarini beslemek icin en uygun oriimcekleri bulma davranislarinin benzetimini igerir.
Bu asamada disi ortimcek arisi, yavrularina uygun oriimcegi bulmak icin arama alanini sabit bir adimla rastgele kesfeder. Bu
davranis, her disi 6riimeek arisinin meveut konumunu her # neslinde sabit bir hareketle giincelleyen ve disi 6riimcek arisinin kesif
davranisinin benzetimini iceren Denklem (4)'teki gibi modellenir [18, 22, 24-30].

SWH = SWE+ py x (SWE — SWY) (4)

Burada a ve b kesif yoniinii belirlemek igin popiilasyondan rastgele segilen iki indekstir ve bunlari disi driimeek arisi takip
eder ve Denklem (5)’teki w1 ise o anki mevcut yondeki sabit hareketi belirlemek i¢in kullanilir. Denklemdeki »; sifir ile bir
araliginda ve rn ise normal dagilim kullanilarak olusturulmus rastgele sayilar1 gdstermektedir.

py = lrn| X1y (5)

Disi 6riimcek arilar1 bazen agdan diisen orlimcegin izini kaybederler ve bu nedenle 6riimcegin diistiigli noktanin ¢evreledigi
tiim bolgeyi ararlar. Bu davranisa gore Denklem (4)'teki esitlikten farkli olarak Denklem (6)'da ifade edilen yeni ve farkli kesif
yontemi olusturulmustur. Bunun amaci, algoritmanin diisen Oriimcegin etrafindaki bdlgeleri kiiciik bir adim biyiikligi ile
kesfetmesini saglamaktir. Bu denklem ayrica, diisen 6riimcegin konumunu temsil etmek {izere popiilasyondan rastgele secilen bir
disi ortimcek arisinin konumuna gdre mevcut disi oriimcek arisinin her iterasyonda sabit bir hareketle giincellenmesine
dayanmaktadir. Denklemlerdeki ¢ popiilasyondan rastgele secilen bir indeksi, / ise (-2) ile 1 arasinda rastgele olusturulan bir
sayiy1 ifade etmektedir [18, 22, 24-30].

SWH = SWHL 4+ p, x (Z +75 % (H - Z)) (6)
U, = B X cos(2ml) (7

1
B = ®)

1+ el
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Denklem (4) ve (6), arama alanini kesfetmek ve en umut verici bdlgeleri bulmak i¢in birbirlerini tamamlamaktadirlar. Ancak,
disi ortimcek arismin bir sonraki pozisyonunu olusturmak igin bir denklem kullanilmasi gerektigi diisiiniildiiglinde, acaba bu
durumda Denklem (4) mii, yoksa (6) m1 kullanilmalidir? Bu sorunun cevabi ise Denklem (9) kullanilarak rastgele belirlenmis
olur ve denklemdeki r; ve r4 [0, 1] araliginda iki rastgele say1 ifade etmektedir.

St = {Denklem (4), eger r; <, }
L Denklem (6), diger durumlarda

)

3.2.2. Takip ve Kacis Asamasi (Kesif ve Kullanim)

Oriimcek aris1 avim bulduktan sonra agin gébeginde onlara saldirmaya ¢alisir, ancak oriimcekler kagmak icin yere diiserler.
Oriimcek aris1 diisen driimcekleri takip ederek onlari felg eder ve 6nceden hazirlanmis yuvalarina siiriikler. Diger durumlarda
oriimcek, agin merkezinden diigen driimceklerin izini kaybeder. Oriimcek arisinin bu davranisi bir yandan kagarken bir yandan
da oriimcegi yakalamaya c¢alistig1 anlamina gelir. Bu davranis bi¢imi iki egilimin benzetimini igerir. Birincisi, o6riimcek arist
ortimcekleri tuzaga diisiirmek icin avlamasidir. Bu durumda, oriimcek arisinin avimi takip edecek sekilde Denklem (10)
uygulanarak konumu giincellenir. Ikinci davranis ise mevcut iterasyon sayisi arttikca aralarindaki mesafeyi artirmak igin bir
mesafe faktorli tasarlayarak orlimcek arilarindan kagmanin benzetimini igerir. Bu nedenle av, orlimcek arisindan uzak bazi
bolgelerde saklanabilir. Matematiksel olarak ifade edilen Denklem (10)’daki ilk egilim, 6riimcek arisinin 6riimcekleri yakalamak
icin yaptig1 kovalama igleminin benzetimini igerir. Burada av ile 6riimcek arilar1 arasindaki mesafe baglangigta kiigiiktiir ve
oriimcek arilar ile avin hizina gore artabilir veya azalabilir. Denklem (10)’daki C, 2 degeri ile baslayip dogrusal olarak sifira
diisen 6riimeek arisinin hizini belirlemek igin kullanilan bir mesafe kontrol faktoriidiir. Eger C > 0.5 ise 6riimcek arist avdan
daha hizlidir, ya da C < 0.5 ise av driimcek arisindan daha hizlidir demektir. Asagidaki denklemlerde a popiilasyondan rastgele
secilen bir indeksi, ¢ Ve tuq sirasiyla mevecut ve maksimum degerlendirmeyi belirtmektedir. 7¢ ise [0, 1] aralifinda rastgele
iiretilen degerleri temsil eden bir vektorii ve 5 ise [0, 1] araliginda rastgele iiretilen bir say1y1 gostermektedir [18, 22, 24-30].

SWEH = SWE +C x |2 x 72 x SW} — SWY| (10)
t
C=(2—2x( )er) (11
tma.x

Bir oriimcek, disi 6riimeek arisindan kagtiginda aralarindaki mesafe giderek artar. Bu asama baglangigta kullanimdir
(exploitation). Mesafenin artmasiyla birlikte kullanim kesfe doniisiir. Bu davranigin benzetimi Denklem (12)’deki formiil
kullanilarak yapilir. Denklemde ¥¢ normal dagilima gore (k) ile (-k) degerleri arasinda olusturulan bir vektordiir. Disi oriimcek
arist ile ortimcek arasindaki mesafeyi kademeli olarak artirmak icin %, Denklem (13) kullanilarak {iretilir. Bu iki egilim
arasindaki denge, Denklem (14)’te gosterildigi gibi rastgele elde edilir.

SWEHT = SWE x B¢ (12)
t
k=1-(—) (13)
max
—_— Denklem (10), eger 13 <1y }
t+1 _
SWit = {Denklem (12), diger durumlarda (14)

Optimizasyon siirecinin baglangicinda, tiim 6riimcek arilari, optimuma yakin ¢oéziimii igerebilecek umut verici bolgeyi
bulmak i¢in optimizasyon problemlerinin etki alanini kiiresel olarak aramak i¢in kesif mekanizmasini uygulayacaktir. Algoritma,
yerel minimumda takilip kalmaktan kaginmak igin iterasyon gecisi sirasinda mevcut oriimcek arilarinin etrafindaki alanlar
kesfetmek ve kullanmak icgin takip etme ve kagma mekanizmasini kullanacaktir. Son olarak, arama asamasi ile takip
mekanizmasi arasindaki degisim asagidaki formiile gore ayarlanir. Burada p, [0, 1] arasinda rastgele bir sayidir. Arama asamasi
ile takip etme ve kagis mekanizmasi arasindaki iliski, Sekil 2°de gosterilmistir [18, 22, 24-30]:

W}t'ﬂ _ {Denklem (9), eger p<k }

Denklem (14), diger durumlarda (15)
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Evet Hayir

Denklem (4)ii uygula Denklem (6)’y1 uygula Denklem (10)’u uygula Denklem (12)’y1 uygula

Arama agamasi (Kesif) Takip etme mekanizmasi

Sekil 2. Arama agsamasi ile takip etme ve kacis mekanizmasi arasindaki denge [18].
3.2.3. Yuvalama Davramsi (Kullanim)

Disi 6riimcek aris1 felgli driimcegi dnceden hazirlanmis olan yuvaya ceker. Oriimcek arisi, topragi kazmak ve toprakta
hiicreler olusturmak, yapraklarda veya kayalarda ¢gamurdan yuvalar yapmak veya driimcek (av) yuvalar1 veya bocek delikleri gibi
dnceden var olan yuvalar1 veya oyuklar1 kullanmak gibi cok sayida yuvalama davramsina sahiptir. Oriimcek aris1 gesitli
yuvalanma davranislarina sahip oldugundan, bu algoritmada s6z konusu davranislarin iki farkli denklemle benzetimi
gergeklestirilmigtir. Denklem (16), 6riimcegin en uygun oriimcegin bulundugu bélgeye dogru g¢ekilmesi ve felgli 6riimeegin
yerlestirilip karnimin iizerine yumurta birakilmasi i¢in yuva yapilabilecek en iyi yer olarak kabul edilmesi esasina dayanir. Bu ilk
denklem su sekilde agiklanmaktadir. Denklemdeki SW* o ana kadar ki en iyi ¢6ziimii temsil eder [18, 22, 24-30].

SWH = SW* + cos(2nl) x (SW* — W/}t) (16)

Denklem (17) ise, ayn1 konumda iki yuva yapmaktan kaginmak i¢in ek bir adim boyutu kullanarak popiilasyondan rastgele
secilen bir disi 6riimcegin konumu dahilinde yuvay1 yapmasi esasina dayanir. Burada; 73, [0, 1] araliginda olusturulan rastgele bir
say1yl, y levy ugusuna gore iretilen bir say1y1 gostermektedir. Denklemdeki a, b ve ¢ popiilasyondan rastgele segilen ii¢ ¢oziimiin
indislerini ve Denklem (18)’e gore degeri belirlenen U ise ayn1 konumda iki yuva insa edilmesini dnlemek i¢in bir adim
boyutunun ne zaman uygulandigini belirlemek igin kullanilan ikili bir vektorii ifade etmektedir. Burada 7, ve 7c [0, 1]
araligindaki rastgele degerleri temsil eden iki vektordiir.

SWEH = SWE + 15 x Iy| x (SWE — SWE) + (1 — 1) x T x (SWE — SWY) (17)

= (1, eger m<7, }
U= {0, diger durumlarda (18)

Algoritmada Oriimcek aris1 yuvalanma davraniglarmin Denklem (16) ve (17) gibi iki farkli denklemle benzetimi
yapildigindan hangi denklemin kullanilacagi Denklem (19)’1a belirlenir.

(19)

SWEH = {Denklem (16), efer r3<m }

Denklem (17), diger durumlarda

Son olarak, avlanma ve yuvalama davranislar arasindaki denge, Denklem (20) kullanilarak elde edilir. Algoritmada tim
ortimcek arilarinin optimizasyon siirecinin baglangicinda ilgili 6riimceklerini aramasi Sekil 3’de gosterilmistir. Sonra, driimcek
arilart uygun 6riimeek arilarini 6nceden hazirlanmig yuvalara ¢gekecektir [18].

SWitt = {
4

Denklem (15), eger i<NXk }

Denklem (19), diger durumlarda (20)
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Evet Hayir

Evet Hayir Evet Hayir

Denklem (9)’u uygula Denklem (14)’ii uygula Denklem (16)’y1 uygula Denklem (17)’yi uygula

Sekil 3. SWO’da avlanma ve yuvalama davramslarimin akis semasi [18].

3.3. Ciftlesme Davranisi

Oriimcek arilarmin ana ozelliklerinden biri cinsiyet belirleme yetenekleridir. Cinsiyet, yumurtanin birakildigi konagin
biiyiikliigiine gore belirlenir. Sekil 1.c’den goriilecegi lizere erkekler kiigiik driimcek arisi ile temsil edilirken, disiler biiyiik
ortimcek arisi ile temsil edilmektedir. Algoritmada, her 6riimcek aris1 mevcut nesildeki olasi bir ¢éziimii ve oriimcek arisi
yumurtast da o nesildeki yeni iiretilen potansiyel ¢oziimii temsil eder. Yeni ¢oziimler (6riimcek arisi yumurtalar1) asagidaki
denkleme gore tretilir [18, 22, 24-30].

SWH = Crossover (SW/, SW,L, CR) 21
Burada; Crossover, SW{ ve SW,' c¢oziimleri arasinda ¢aprazlama oran1 (CR- Crossover Rate) olarak bilinen bir olasilikla

uygulanan tek bigimli ¢aprazlama operatoriinii belirtir; SW,,' ve SWi sirasiyla erkek ve digi oriimcek arisi temsil eden iki
vektordiir. Algoritmada erkek driimeek arisi, disi 6rlimcek arisindan farkli olacak sekilde Denklem (22) kullanilarak olusturulur.

SWEL = SWE + et x |B] x¥; + (1 — e) X || x ¥5 (22)

Burada; 8 ve ; normal dagilima gore rastgele olusturulmus iki say1y1 ve e ise iistel sabiti gostermektedir. Denklemdeki v; ve
v, vektorleri asagida verilen esitliklere gore iiretilir.

i = (), e ) < 2D .
7 (x; —x,), diger durumlarda

= (2T, eber ) < 16D o
27 (x2=7xy), diger durumlarda

Denklemlerde a, b ve ¢, a#i#b#c olacak sekilde popiilasyondan rastgele secilen ii¢ ¢ozlimiin indekslerini ifade etmektedir.
Caprazlama ise iki ebeveynli 6riimeek arisi igindeki genetik materyali yeniden birlestirerek ebeveynlerinin 6zelliklerini paylasan
bir yavru (yumurta) tiretmek i¢in kullanilir. Avlanma ve ¢iftlesme davraniglari arasindaki degis tokus, dnceden tanimlanmis bir
faktor olan degis tokus oranina (7R-Tradeoff Rate) dayanmaktadir.

3.4. Popiilasyon Azaltma ve Bellek Tasarrufu

Disi driimeek, konagin karnina yumurta biraktiktan sonra yuvayi kapatir ve yuva alanin1 goze ¢arpmayan bir sekilde birakir.
Bu durum, disi ériimcegin optimizasyon siirecindeki roliiniin neredeyse tamamlandigini ve optimizasyon siirecinin geri kalaninda
fonksiyon degerlendirmelerini diger 6riimcek arilarina devretmenin daha iyi sonuglara ulasmaya yardimei olabilecegi anlamina
gelmektedir. Iterasyon sirasinda, popiilasyondaki bazi oOriimcek arilari, diger oOriimcek arilarma daha fazla fonksiyon
degerlendirmesi saglamak i¢in sonlandirilirken, ayni zamanda popiilasyon ¢esitliligini azaltarak yakinsama hizini optimum
¢ozlime yakin bir ¢6ziime dogru hizlandiracaktir. Bu nedenle tiim fonksiyon degerlendirmelerinin her degerlendirmesinde, yeni
popiilasyonun uzunlugu denklem (25) kullanilarak giincellenir [18, 22, 24-30].

N = Npin + (N = Npin) X k (25)
Burada N, optimizasyon siirecinin farkli asamalarinda yerel minimumlara takilip kalmamak i¢in kullanilan minimum niifus

sayisint gostermektedir. Algoritmada, her bir 6riimcek arisi tarafindan elde edilen en iyi 6riimcek konumunu bir sonraki nesilde
giincellenmesi i¢in bellek tasarrufu gerceklestirilir. Kisaca her bir oriimcek arisi tarafindan elde edilen her bir ¢ézlim, bir 6nceki
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nesildeki esdegeri ile karsilagtirilir ve mevcut ¢éziim daha uygun ise yenisi ile degistirilir. SWO algoritmasinin sézde kodu
Algoritma 1°de verilmistir [18, 26].

Algoritma 1. SWO Algoritmasinin sdzde kodu [18, 26]

Inpllt! N, Nuin, CR, TR, tmax
Output: SW*
Denklem (3)’ii kullanarak N disi 6rliimeek arisini baglatma. W(i =12,...,N)

Her ST/Vl degerini degerlendirme ve m*iginde en iyi uygunluk degere sahip olan degeri bulma
t=1; // mevcut fonksiyonu degerlendirme
while(? < t,:)
rs: 0 ile 1 arasinda rastgele degerler tiretme
if (rs < TR) %% Avlanma ve Yuvalama davranisi
for i=1:N
Sekil 4.’ii uygulama
f (W/{) degerini hesaplama
t=t+1
End for
Else %% Ciftlesme davranigi
for i=1:N
Denklem (21)’1i uygulama
t=t+1
End for
End if
Memory Saving uygulama
Denklem (25)’i kullanarak N degerlerini giincelleme
End while

4. SWO Algoritmasinin Sonuc¢larim Karsilastirmak iizere Secilen Diger Algoritmalar

Bu boliimde SWO algoritmast uygulanarak elde edilen sonuglart karsilastirmak igin kullanilan HHO, CSS ve BSA
algoritmalar1 kisaca dzetlenmistir.

4.1.  Harris Sahin Optimizasyonu (HHO) Algoritmasi

Bu algoritma, dogada iyi bilinen bir yirtict kus olan Harris sahinlerinin avlanma stratejisi benzetimi yapilarak olusturulmustur
[19]. Harris sahini, diger yirtici kuslardan farkli olarak genellikle aile iiyeleriyle birlikte bir avi kesfetmek ve yakalamak igin
saldirirlar. Bu kus, potansiyel avi izleme, gevreleme, temizleme ve sonunda saldirma konusunda evrimlesmis yenilik¢i takim
kovalama yetenekleri gosterir. Bu akilli kuslar, lireme dist mevsimde birka¢ bireyden olusan aksam yemegi partileri
diizenleyebilir. Yirtict kuslar aleminde gergek anlamda igbirlik¢i avcilar olarak bilinirler. Harris sahinleri avlanma siireclerinde
ozellikle tavsan avlama siirecinde siirii olarak hareket eder. Siiriiniin bir lideri (en iyi sahin) bulunur ve lider ve siirliniin diger
tiyeleri oncelikle kesif uguslari yaparlar. Harris sahinleri, kosullarin dinamik dogasina ve bir avin kagis modellerine bagli olarak
cesitli kovalama stratejileri gosterebilirler. Bir degistirme taktigi, lider sahin avin {izerine egilip kayboldugunda ve kovalamaca
parti iyelerinden biri tarafindan siirdiiriildiigiinde gergeklesir. Bu durum kagan tavsani sasirtir, tavsani yorar ve onun
savunmasizligini artirir. Son olarak, genellikle en gliglii ve deneyimli olan sahinlerden biri yorgun tavsani1 zahmetsizce yakalayip
diger parti iiyeleriyle paylasir. Harris sahinlerinin bu 6zellikleri Heidari ve arkadaslar: tarafindan 2019 yilinda Harris sahinleri
optimizasyonu (Harris hawks optimization, HHO) algoritmas1 olarak modellenmistir [19]. HHO popiilasyon temelli bir
optimizasyon teknigi olup kesif, kesiften saldirtya gecis ve saldir1 asamalarindan olusur. HHO’da kesif agamasinda iki farkli
strateji olarak uygulanir. Kesiften saldirtya gecis asamasinda, avin kagma sirasinda enerjisinin azalacagi igin Harris sahinleri
farkli saldir1 davranislari arasinda gegisler yapabilirler. Bu nedenle saldiri asamasi algoritmada yumusak, sert, kademeli hizli
daliglarla yumusak ve kademeli hizli daliglarla sert kusatma olmak iizere dort farkli strateji olarak modellenmistir. HHO
algoritmasinin s6zde kodu Algoritma 2’de verilmistir [19].
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Algoritma 2. HHO Algoritmasinin sézde kodu [19]

Inputs: N popiilasyon biiyiikliigii ve maksimum iterasyon sayist 7.
Outputs: Tavsanin konumu ve tavsanin fitness degeri.
Rastgele bir popiilasyonu baslat. X;(i=1,2,...,N).
while (durdurma kriteri saglanmadiysa) do
Sahinlerin fitness degerlerini hesapla.
Xravpir tavsaninin konumunu ayarla (en iyi konum olarak).
for (her sahin (X;)) do
Baslangig enerjisi £y , sigrama giicti J ve E degerini giincelle.
if (|E|>1) then Kesif Asamasindaki Konum vektoriinii giincelle.
if (|E|<1) then (SOmiirii Asamasi)
if (r>0.5 ve |E[>0.5) then Yumusak Kusatma Konum vektoriinii giincelle.
else if (1>0.5 ve |E|<0.5) then Siki Kusatma Konum vektoriinii giincelle.
else if (r<0.5 ve |E[>0.5) then ilerleyici Hizl1 Dalmalarla Yumusak Kusatma Konum vektoriinii giincelle.
else if (r<0.5 ve |E]<0.5) then Ilerleyici Hizli Dalmalarla Sik1 Kusatma Konum vektoriinii giincelle.
Return Xappir

4.2.  CSS Algoritmasi

Yikli Sistem Arama (CSS) algoritmasi, Kaveh ve Talatahari tarafindan gelistirilen bir meta-sezgisel optimizasyon
yontemidir. Algoritmanin temeli, Newton'un hareket yasalar ile elektrik fizigindeki Coulomb ve Gauss yasalarina dayanir. Bu
algoritmada, her bir ajan (¢6zliim aday1), elektrik yiiklii bir pargacik (Charged Particle - CP) olarak ele alinir. Her bir CP,
Coulomb ve Gauss yasalarina uygun sekilde diger yiiklii parcaciklar iizerine elektriksel kuvvet uygular ve bu, yiikli bir kiire
seklinde modellenir. Bu kuvvetin biiyiikligii, kiire igindeki CP icin CP'ler arasindaki mesafeyle orantiliyken, kiirenin disinda
bulunan bir CP i¢in parcaciklar arasindaki mesafenin karesiyle ters orantilidir ve bu kuvvetler ¢ekici veya itici olarak ortaya
cikabilir. Arama alanindaki CP'lerin baslangi¢ konumlar: rastgele belirlenir. Genellikle ¢ekici olarak ¢ikan kuvvet, CP'leri arama
alan1 iginde belirli bir alanda toplarken, itici kuvvet CP'leri dagitmaya ¢alisir. Sonug kuvvetleri ve hareket yasalari, CP'lerin yeni
konumlarmi belirler. Bu kurala gére, her CP, sonug kuvvetleri ve 6nceki hiziyla yeni konumuna dogru hareket eder Algoritma bu
sekilde optimizasyon siirecinin ilerlemesini saglar. Her CP, CP arama alanindan ¢ikarsa, konumu, uyum aramasina dayali
ellegleme yaklasgimiyla diizeltilir. Ayrica, en iyi sonuglart kaydetmek igin yiiklii bellek kullanilir. CSS algoritmasinin
gelistirilmesi asagida kisaca 6zetlenen 8 kural iizerinden gerceklestirilmistir. CSS algoritmasinin bu kurallar ¢ergevesinde sdzde
kodu ise Algoritma 3’te verilmistir [20].

Kural 1: CSS bir dizi yiiklii pargacigi (CP) dikkate alir ve her bir CP’nin bir yiik biiyiikliigii olup uzay: etrafinda bir elektrik
alanini olusturur.

Kural 2: CP’lerin baslangi¢ konumlar1 arama uzayinda rastgele belirlenir.

Kural 3: Cekici kuvvetler cinsinden bakildiginda, herhangi bir CP bagka biri CP’yi etkileyebilir, yani kotii bir CP iyi bir
CP’yi etkileyebilir veya bunun tersi de gecerlidir. Tyi bir CP kétii bir CP’yi de ¢ekebilir.

Kural 4: Bir CP iizerinde etkili olan sonug elektrik kuvvetinin degeri, ajanlarin birbirinden uzak oldugu ilk iterasyonda, bir
CP {izerinde etkili olan sonug kuvvetinin biiyiikliigii, parcaciklar arasindaki ayrimin karesiyle ters orantilidir. Fakat CP’lerin
kiiciik bir alanda toplandig1 ve CP’ler arasindaki ayrimin kii¢lik oldugu durumlarda ise ayrim mesafesinin karesiyle ters orantili
olmak yerine pargaciklarin ayrim mesafesiyle orantili hale gelir.

Kural 5: Her bir CP’nin yeni konumu ve hizi her iterasyonda giincellenir.

Kural 6: Hesaplama maliyetini artirmadan algoritma performansini iyilestirebilmek i¢in en iyi CP vektorlerini ve ilgili amag
fonksiyon degerlerini kayit altina alabilen bir yiikli bellek (Charged Memory, CM) kullanilmalidir.

Kural 7: Bir¢ok meta-sezgisel algoritmada oldugu gibi CSS’de de iki biiyiik sorun vardir. Bu sorunlardan birincisi aramanin
basinda, sirasinda ve sonunda kesif ve kullanim (exploitation) arasindaki denge ve ikincisi ise degiskenlerin sinirlarini ihlal eden
bir etkenle nasil basa ¢ikilacag: konusudur. ilk sorun, yukarida belirtilen kurallarin uygulanmastyla dogal olarak ¢oziiliir, ancak
ikinci sorunu ¢ézmek icin en basit yaklasimlardan biri, ihlal edilen degisken igin en yakin smnir degerlerini kullanmaktir. Ihlali
gerceklestiren parcacigi onceki konumuna geri dondiirmek bazen zor olabilir, alternatif olarak bu durumda degisken sinirlarimni
ihlal eden ¢6ziim vektoriiniin herhangi bir bileseni CM’den yeniden iiretilebilir.

Kural 8: Algoritmay1 sonlandirma kriterleri olarak maksimum yineleme sayisi, iyilestirme olmayan yineleme sayisi,
minimum amag fonksiyonu hatasi ve son olarak en iyi ve en kotii CP’ler arasindaki fark islemlerinden birisi kullanilir.
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Algoritma 3. CSS Algoritmasinin s6zde kodu [20]

Seviye 1: Baslatma

e Adim 1: Baslatma.

CSS algoritma parametrelerini baslatin; Rastgele konumlara ve iligkili hizlara sahip Yiiklii Par¢aciklar dizisini baslatin (Kural
1 ve2).

* Adim 2: CP swralamast.

CP'ler i¢in uygunluk fonksiyonunun degerlerini degerlendirin, birbirleriyle karsilastirin ve artan sekilde siralayin.

e Adim 3: CM olusturma.

CM'deki ilk CP'lerin CMS numarasini ve hedef fonksiyonunun iliskili degerlerini saklayn.

Seviye 2: Arama

e Adim 1: Cekim kuvveti belirleme.

Her bir CP'yi digerlerine dogru hareket ettirme olasiligim1 belirleyin (Kural 3) ve her CP i¢in ¢ekim kuvveti vektoriinii
hesaplayin (Kural 4).

e Adim 2: Céziim olusturma.

Her bir CP'yi yeni konuma tastyin ve hizlart bulun (Kural 5).

* Adim 3: CP konum diizeltmesi.

Her CP izin verilen arama alanindan ¢ikarsa, Kural 7'yi kullanarak konumunu diizeltin.

* Adim 4: CP siralamast.

Yeni CP'ler i¢in hedef fonksiyonunun degerlerini degerlendirin ve karsilastirin ve bunlar artan sekilde siralayim.

* Adim 5: CM giincellemesi.

Baz1 yeni CP vektorleri CM'deki en kotii vektdrlerden daha iyiyse, daha iyi vektorleri CM'ye dahil edin ve en kotii olanlar
CM'den ¢ikarin (Kural 6).

Seviye 3: Sonlandirma kriteri kontrolii

* Sonlandirma kriteri karsilanana kadar arama seviyesi adimlarini tekrarlaym (Kural 8).

4.3. BSA Algoritmasi

BSA algoritmasi, optimizasyon problemlerinde yerel c¢oziimlerden siyrilarak kiiresel ¢oziimler bulmayi hedefler.
Algoritmanin igleyisi, baslangi¢ degerlerinin atanmasi, ilk se¢im asamasi, mutasyon, ¢aprazlama ve son se¢im asamasi gibi bes
ana adima dayanmaktadir. {lk degerin verilmesi asamasinda popiilasyon biiyiikliigii, problemin boyutu, popiilasyon igerisindeki
bir hedef birey ve son olarak da ¢6ziim uzayindaki en alt ve en iist sinir degerleri belirlenir. Birinci se¢im agamasinda arama
yoniini hesaplamak i¢in algoritmanin tarihsel popiilasyonu belirlenir. Boylece, BSA algoritmasi gegmiste elde edilen degerleri,
bir sonraki karar alma mekanizmasinda kullanilmak iizere hafizaya alir. Tarihsel popiilasyonunun belirlenmesiyle birlikte
popiilasyon tiyeleri rastgele olarak yeniden siralanir. Mutasyon asamasinda, mutant popiilasyonunun ilk degerleri hesaplanir.
Caprazlama asamasinda, popiilasyonun son durumu degerlendirmeye alinir. Bu asamada, optimizasyon problemine gore yliksek
performans gosteren popiilasyon iiyeleri, hedef popiilasyon bireylerini belirlemek amaciyla segilir. BSA algoritmasi ayrica,
mutasyon gegiren bireylerin ¢dziim uzaymin disina ¢ikmasini dnlemek icin bir smirlandirma mekanizmasi kullanir. Ikinci segim
asamasinda, popiilasyon gilincellenir ve en iyi birey secilir. Her iterasyon dongiisiinde, mevcut kiiresel en iyi deger tim
popiilasyon bireyleriyle karsilastirilir. Eger herhangi bir bireyin amag fonksiyonu degeri, mevcut kiiresel en iyiden daha iistiinse,
yeni kiiresel en iyi deger bu bireyin bulundugu konum olur. BSA algoritmasinin sdzde kodu Algoritma 4’de verilmistir [21].

Algoritma 4. BSA Algoritmasinin sézde kodu [21]

Input: ObjFun, N, D, maxcycle, mixrate, low;.p, up;.p
Output: globalminimum, globalminimizer
/I rnd ~ U(0,1), rndn ~ N(0,1), w=rndint(*), rndint(-) ~U(1,") | w € {1, 2, 3,...,"N}
function bsa(ObjFun, N, D, maxcycle, low, up)
// BASLANGIC
globalminimum=inf
for i from 1 to N do
for j from 1 to D do
P, =rnd(up;-lowj)+lowj // Popiilasyonun baslatilmasi, P.
oldP; =rnd(up;-lowj)+lowj // oldP’nin baslatilmasi, oldP.
end
fitnessP=ObjFun(P;) // P'nin ilk uygunluk degerleri.
end
for iteration from 1 to maxcycle do
// SECIM-1
if (a<b | a, b ~ U(0,1)) then 0l/dP:=P end
oldP:=permuting(oldP) // ‘etkileme’; oldP igindeki iki bireyin pozisyonlarini rasgele degistirme.
Deneme Popiilasyonunun Olusturulmasi
// MUTASYON
mutant=P+3-rndn-(oldP-P)
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/l CAPRAZLAMA
map.n, 1:p=1 // Baglangi¢ haritasi1 birlerden olugan N x D matrisidir.
if (c<d | ¢, d ~ U(0,1)) then
for i from 1 to N do
MAP; u(1-[mixratemd-nj= 0 | u=permuting(1,2,3,...,D)
end
else
for i from 1 to N do, map; anaiipy=0, end
end
// Deneme Popiilasyonu Uretimi, T
T:=mutant
for i from 1 to N do
for j from 1 to D do
if map,;j=l then T,'JZ=P[J‘
end
end
// Sinir Kontrol Mekanizmasi
for i from 1 to N do
for j from 1 to D do
if (T;;<low;) or (T;;>up;) then
T; j=rnd-(up;j-low;)+low;
end
end
end
end
/I Segim-II
fitnessT=0bjFun(T)
for i from 1 to N do
if fitnessT<fitnessP; then
fitnessP;:=fitnessT;
P=T;
end
end
fitnessPpes=min(fitnessP) | best € {1,2,3,...,N}
if fitnessPpes<globalminimum then
globalminimum:=fitnessPbest
globalminimizer:=Ppes
// Global minimum ve global minimizer disar1 aktarilir.
end
end

5. Test Fonksiyonlar:

Bu ¢alismada test fonksiyonu olarak degisken boyutlu fonksiyonlar kapsaminda f; fonksiyonu unimodal (Elliptic Fonksiyon),
f>f> arasi1 fonksiyonlar multimodal (Non-Continuous Rastrigin, Alpine, Levy, Weierstrass, Michalewicz, Dixon&Price
Fonksiyonlar1) ve sabit boyutlu fonksiyonlar kapsaminda ise fs-f;o arasi fonksiyonlar (Schaffer, Himmelblau ve Kowalik
Fonksiyonlar1) olmak iizere 10 adet test fonksiyonu segilmistir. Segilen fonksiyonlarin grafikleri, temel 6zellikleri ve esitlikleri
asagidaki gibi Sekil 4-13 arasinda gosterilmistir [1, 31, 32].

Bu calisgmada kullanilan test fonksiyonlari, meta-sezgisel algoritmalarin performanslarin1 farkli problem tiirlerinde
degerlendirebilmek i¢in yaygin olarak tercih edilen standart matematiksel fonksiyonlardir. f;-f; arasi fonksiyonlar yiiksek boyutlu
(30, 50 ve 100) degisken boyutlu fonksiyonlardir ve optimizasyon algoritmalarinin hem kiiresel arama (exploration) hem de yerel
arama (exploitation) kabiliyetlerini test etmek i¢in uygundur. fs-fip arasi fonksiyonlar ise sabit boyutlu fonksiyonlardir ve
genellikle parametrik karmagikliklarin az oldugu ortamlarda algoritmalarin dogrulugunu ve hassasiyetini degerlendirmek icin
kullanilir. Her bir fonksiyonun minimum degeri, arama alani ve boyut bilgisi tablolar ve grafiklerle birlikte asagida sunulmustur.
Ayrica her fonksiyonun optimizasyon probleminde karsilik geldigi zorluk tiirleri de (6rnegin: ¢oklu yerel minimum, siireksizlik,
vs.) belirtilmistir.



53

Fonksiyon Adi Elliptic Function Eflipte function
(fmin) Degeri 0 o
Boyut Sayis1 30, 50, 100 § o
Aralik Degerleri (-100,100)" TE .

Tek modlu E 2

Ayrilamaz 2
Yapist Siirekli

Dlsbukey x2 values ‘ o x1 values

i1
a a-1
GO = (109 xx?
=1
Sekil 4. f1 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.

Fonksiyon Adi Non-Continuous Rastrigin Function Ron-Confinnous Rastrigin Function
(fmin) Degeri 0 ;
Boyut Sayist 30, 50, 100 o] II 2o
Aralik Degerleri (-5.12,5.12)" TZ . 1 e Lgh

Siirekli i y

Disbiikey R
Yapisi Cok modlu \“5\7\\

Tiirevlenebilir )

Ayrllabilir 12 values x1 values

d
f(x) = Z[xiz —10cos(2nx;) +10], x; = {

eger |x;] <05 ise X; }
eger |x;| > 0.5

ise round(2-x;)/2

Sekil 5. f2 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.

Fonksiyon Adi Alpine Function Alpine Function
(fmin) Degeri 0
Boyut Sayisi 30, 50, 100 .
Aralik Degerleri (-10,10)" L
Disbiikey degildir =
Yapist Ayrilamaz o
Tiirevlenebilir
x2 values 10 .10 x1 values
d
£200) = )l sinx) + 0.1
i=1
Sekil 6. f3 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.

Fonksiyon Adi Levy Function Levy Function
(fmin) Degeri 0
Boyut Sayis1 30, 50, 100
Aralik Degerleri (-10,10)" “= .

Siireklidir H

Disbiikey degildir
Yapisi Cok modludur

Ayrilamaz R

Tiirevlenebilir e ¥ values

fi(x) = sin?(nw,) + Z(Wi — 1?1+ 10sin?(mw; + D] + (wy — 1)?[1 + sin?Qawy)], w; =1+

a-1

i=1

xi—l
4

Sekil 7. f4 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.
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Fonksiyon Adi Weierstrass Function Welerstrass Xunction
(fmin) Degeri 0 |
Boyut Sayis1 30, 50, 100 .l \* : 2 0
Aralik Degerleri (-0.5,0.5)" AR . G ' B
Siireklidir aA o
Cok modludur 05 T £ 5 5
Yapisi ~ =2 =
Ayrilamaz SSEots =
Tiirevlenebilir Qw0 e
d [kmax kmax

AOEDY

i=1| k=0

k=0

Z a* cos(2mb*(x; + 0.5))| — d Z a® cos(2mb*)|,a = 0.5,b = 3, kypqy = 20

Sekil 8. f5 fonksiyonuna ait 6zellikler ve 3-D arama uzay.

Fonksiyon Adi Michalewicz Function Michatewiez Function
(fmin) Degeri 0
Boyut Sayisi 30, 50, 100
Aralik Degerleri (0,m)"
Stireklidir
Cok modludur
Yapist Tiirevlenebilir
Konveks degildir v ) ovaticn
d 2m
. (X
folx) = —Zsm(xi) - | sin ,m=10
4
i=1
Sekil 9. f6 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.
Fonksiyon Adi Dixon&Price Function Dizon&Ericetemction
(fmin) Degeri 0
Boyut Sayisi 30,50,100 .
Aralik Degerleri (-10,10)" % :
Siireklidir =
Yapist Tiirevlenebilir
Konveks degildir
X2 values x1 values
d
£ = (- 1) + Z i (227 = x;)?
=2
Sekil 10. f7 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.
Fonksiyon Adi Schaffer Function Sehaffer:iunction
(fmin) Degeri 0 .
Boyut Sayis1 2 g M 1%
Aralik Degerleri (-100,100)" Cy i
Siireklidir i.
Tiirevlenebilir sl K
Yapist Disbiikey degildir n S ; el
Tek modludur rva o ,
Ayrilamaz e

sin?(x? +y?)?2 - 0.5
,y) = 0.5
fax,y) 1000162 +2)°

Sekil 11. /8 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.




55

Fonksiyon Adi Himmelblau Function Himmelbian Eimction
(fmin) Degeri 0 A l
Boyut Sayist 2
Aralik Degerleri (-5,5)"

Sireklidir =LY 7 g—
Yapisi Tiirevlenebilir .. -

Disbiikey degildir e ¥

X2 values 5 5 x1 values
fol,y) = (2 +y —1D* + (x +y* = 7)?
Sekil 12. 9 fonksiyonuna ait 6zellikler ve 3-D arama uzay1.

Fonksiyon Adi Kowalik Function ol peniaens v see
(fmin) Degeri ~0.0003075
Boyut Sayisi 4
Aralik Degerleri (-5,5)"

Streklidir
Yapisi Tiirevlenebilir

Konveks degildir

11

fro(x1, X2, %3, Xx4) = Z [ak

2
_ X1 by (by + x3)

a=[0.1957,0.1947,0.1735,0.1 6,0.0844,0.627,0.456,0.342:0.323,0.235,0.246]
b=[0.25,0.5,1,2,4,6,8,10,12,14,16]

Sekil 13. f10 fonksiyonuna ait ozellikler ve 3-D arama uzay1.

6. Sayisal Sonuclar

Bu caligmada yer alan test fonksiyonlarinin SWO ile ¢oziimiinde elde edilen sonuglarini karsilagtirmak i¢cin HHO, CSS ve
BSA algoritmalar1 kullanmilmistir. Algoritmalarin performans, yakinsama, kararlilik ve hiz agisindan degerlendirilmesi i¢in test
fonksiyonlarmin sonug¢lariin degerlendirilmesi, test fonksiyonlarinin boyutlarina goére 30, 50, 100 ve sabit boyutlu olmak tizere
dort alt baglik altinda ayr1 ayr1 yapilmastir.

SWO algoritmasinin performansini en st diizeye g¢ikarmak igin etkili bir sekilde tahmin edilmesi gereken minimum
popiilasyon biiyiikliigii olan N, degis-tokus orani olan TR ve g¢aprazlama orani CR olan ii¢ adet parametresi vardir. Yapilan
calismalar sonucunda bu parametrelerin en iyi degerlerinin, 7R i¢in 0,3, CR igin 0,2 ve N, icin ise 20 oldugu sonucuna
varilmistir [18]. Calismada iterasyon sayisi olarak tiim algoritmalar ve tiim test fonksiyonlari i¢in 500 (15000 fonksiyon ¢agirimi,
FCall) alinmistir. Bu ¢alismada kullanilan tiim algoritmalara ait kullanilan parametre degerleri Tablo 1’de birlikte verilmistir.
Algoritmalarin test fonksiyonlara uygulanmasi igin Intel(R) Core(TM) i5-6200U CPU@2.30GHz islemcili ve 6 GB RAM
bellekli is istasyonu kullanilarak MATLAB R2024a’da program gelistirilmistir.

Tablo 1. Calismada kullanilan algoritmalara ait parametreler

Algoritmalar Parametreler Iterasyon sayisi | PopN | FCall
TR CR Numin
SWo 0,3 0,2 20
E J
O [oay | foa]
ixrat
BSA ’”’xz’ S 500 40 | 15000
r Start ky | Finish kv
0,01 0,5 0,3
Ccss Start ka | Finish k.
0,5 0,5
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6.1.  Boyutu 30 Olan Test Fonksiyonlar1 icin elde edilen sonuclar

Bu bdliimde 30 boyuttaki f;-f7 arasi test fonksiyonlart SWO, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢oziilmiis ve elde
edilen kutu grafikleri Sekil 14-20 arasi1 ve yakinsama egrileri ise Sekil 22-28 arasinda gdsterilmigstir. Tiim algoritmalara goére
bulunan sonuglar en koétii, ortalama, en iyi, standart sapma ve siire olarak Tablo 2’de verilmistir.

Cost Functions BoxPlots Cost Functions  BoxPlots

Metaheuristic Optimization Algorithms ( 30 Run ) Metaheuristic Optimization Algorithms ( 30 Run )
D Elliptic Function Non-Continuous Rastrigin Function
25 i 1 T
200 1 S
'
'
'
2 '
'
150 1 1
2 —_ @
8 T H
] ' 3
R ' ] S
H 1 K
3 ! 8 100 1
RIS ' 1 ]
L 1 @
50 1
05
—_
0 —— —_— —_ — | o ]
swo HHO css BSA swo HHO css BSA

Sekil 14. f1 icin kutu grafigi (30-D) Sekil 15. f2 icin kutu grafigi (30-D)

Cost Functions  BoxPlots Cost Functions | BoxPlots

Metaheuristic Optimization Algorithms ( 30 Run ) Metaheuristic Optimization Algorithms ( 30 Run )
Alpine Function Levy Function
141 T T - T T
- +
H 6 B
12} ' ]
' 14 1
'
'
1T s 1 12 1
o o
3 A
208l 1 2 1
E s
3 i 1
Sos 1 S
B B
06
-1 a T
04t -
+
04 *
! + +
'
02t ' 1 02 + 1
—_ t ] +
of  —— _— —_— 0 1
swo HHO css BSA swo HHO css BSA

Sekil 16. £3 icin kutu grafigi (30-D) Sekil 17. f4 icin kutu grafigi (30-D)

Cost Functions | BoxPlots

Metaheuristic Optimization Algorithms ( 30 Run ) Metaheuristic Optimization Algorithms ( 30 Run )
Weierstrass Function Michalewicz Function

Cost Functions BoxPlots

v ? 1
4t " 1 '
H 18 1
'
35 1 16 ]
'
3k ' 1 14 1
§25- H 1 212 H ]
s s '
8 o 4 3 —_
i 508 e
@15 a
06 1
1
T 4 04 ]
' +
osf + 1 02 1
o 1 of  —— —_—
swo HHO css BSA swo HHO css BSA

Sekil 18. 5 icin kutu grafigi (30-D) Sekil 19. f6 icin kutu grafigi (30-D)

Cost Functions  BoxPlots

Metaheuristic Optimization Algorithms ( 30 Run ) Metaheuristic Optimization Algorithms ( 30 Run )
Elliptic Function

Cost Functions  BoxPlots

Dixon&Price Function
T T T 10% T T T T T
i + swo
HHo
o 1 ® css
ss
o ==
. s ]
7 ' 1 1o
8 ! 8
26 1 2 w0
E . 3 i
B st 1 3
3 38
-
G4 g0
g g
a 8
3 T 1 10200 ]
A i
. i
L ! ] 120 b
—_— —_— —_
ok —_ il
. . 0 . . . h
swo HHO css BsA o s 10 150 20 250 00 30 40 450 500

Iteration Number

Sekil 20. {7 icin kutu grafigi (30-D) Sekil 21. f1 i¢in yakinsama egrileri (30-D)
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Metaheuristic Optimization Algorithms ( 30 Run )

Metaheuristic Optimization Algorithms (30 Run )
Alpine Function

Non-Continuous Rastrigin Function

Best Cost Values
Best Cost Values

200 L L L L L L L
o 50 100 150 200 250 300 350 400 450 500
Iteration Number

0 50 100 150 200 250 300 350 400 450 500
Iteration Number

Sekil 22. f2 icin yakinsama egrileri (30-D) Sekil 23. 3 icin yakinsama egrileri (30-D)

Cost Functions  BoxPlots Cost Functions  BoxPlots

Metaheuristic Optimization Algorithms ( 30 Run )

Metaheuristic Optimization Algorithms ( 30 Run )
Weierstrass Function

Levy Function

——swo
HHO

css

® B5A 50 ——osa |
1 ]

4 1

Best Cost Values
Best Cost Values

T e e m me w0 w0 w0 a0 s R
Iteration Number Iteration Number
Sekil 24. f4 icin yakinsama egrileri (30-D) Sekil 25. f5 icin yakinsama egrileri (30-D)
Cost Functions BoxPlots Cost Functions  BoxPlots
Metaheuristic Optimization Algorithms ( 30 Run ) Metaheuristic Optimization Algorithms ( 30 Run )
a Mi?halewic‘z Func(i?n . s 105 Dix‘on&Pric‘e Function
o —
12 css css
,
;“ - § 15
H H
Sos $
& &
0.4
0s
0.2
00 50 100 150 200 250 300 350 400 450 500 00 50 100 150 200 250 300 350 400 450 500
Iteration Number Iteration Number
Sekil 26. fs icin yakinsama egrileri (30-D) Sekil 27. {7 icin yakinsama egrileri (30-D)

Sekil 14-27 aras1 gosterilen 30 boyuttaki f;-f; arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f; ve f> test fonksiyonlari igin Sekil 14-15’de SWO ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklart ve Sekil 21-22°de ise HHO’nun SWQO’ya gore daha hizli bir sekilde
yakmsadig1 goriilmektedir. f3 test fonksiyonu i¢in Sekil 16’da SWO, HHO ve BSA algoritmalarinin iyi bir dagilima sahip
olduklar1 ve Sekil 23°te ise HHO’nun SWO’ya gore daha iyi performans gosterdigi sdylenebilir. f; test fonksiyonu igin Sekil
17°de HHO algoritmasinin en iyi dagilima sahip oldugu ve Sekil 24°te ise CSS algoritmasinin HHO ve SWO’ya gore daha iyi
performans gosterdigi ifade edilebilir. f5 test fonksiyonu i¢in Sekil 18°’de SWO ve HHO algoritmalarinin iyi bir dagilima sahip
olduklar1 ve Sekil 25’de ise HHO algoritmasinin SWO ile birlikte iyi yakinsadiklar1 goriilmektedir. f5 test fonksiyonu i¢in Sekil
19°da SWO, HHO ve BSA algoritmalariin iyi bir dagilima sahip olduklar1 ve Sekil 26’da ise HHO algoritmasinin SWO’ya gore
en az iterasyonla yakinsadigi sdylenebilir. f7 test fonksiyonu igin Sekil 20’de SWO, HHO ve CSS algoritmalarinin iyi bir
dagilima sahip olduklar1 ve Sekil 27°de ise HHO algoritmasinin SWO’ya gore daha hizli yakinsadig: ifade edilebilir.

Tablo 2 incelendiginde ise SWO algoritmasinin f> ve f5’de en iyi ¢6ziim noktalarinda, diger fonksiyonlarda ise HHO ve CSS
algoritmalariin en iyi degerleri yakaladiklar1 goriilmektedir. Ortalama siire agisindan da SWO algoritmasinin en iyi siirede f7, /3,
15, ve fs’da oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durumlar olan f;, f3, fs ve f7’de ortalama degerler
acisindan karsilastirildiginda SWO algoritmasindan daha iyi oldugu ve standart sapmalar agisindan karsilastirildiginda ise f7 harig
SWO algoritmasindan daha iyi oldugu goriilmektedir. CSS algoritmasinin en iyi degeri yakaladigi durum olan f;’de ortalama
degerler ve standart sapmalar agisindan karsilastirildiginda ise, SWO algoritmasindan daha kotii degerlere sahip oldugu

goriilmektedir.
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Tablo 2. Algoritmalarin 30 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz caliyma)
SWo HHO CSS BSA
EnKotii 1.397733262e-36 | 3.70795912e-272 | 2.593443940e+04 | 1.884212242e+03
Ortalama 4.659110943e-38 | 1.23598743e-273 | 6.016533696e+03 | 2.545157701e+02
fi Enlyi 2.005604575e-74 | 5.15654145e-298 | 2.441273321e+02 | 1.773107676e+01
StdSapma 2.509007989¢-37 | 0.000000000e+00 | 6.840519185e+03 | 3.622092889¢e+02
Siire (s) 0.109776 0.211738 0.472049 0.158166
EnKotii 0.000000000e+00 | 0.000000000e+00 | 2.162244480e+02 | 2.779835658e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 7.749024028e+01 | 2.089370677e+01
I Eniyi 0.000000000e+00 | 0.000000000e+00 | 7.640420598e+00 | 1.630163451e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 6.749270924e+01 | 2.656748937¢+00
Siire (s) 0.12047 0.167277 0.475873 0.105965
EnKotii 3.505053821e-22 | 5.14554882e-157 | 1.340737322e+00 | 1.960382296e-02
Ortalama 1.168912126e-23 | 3.25080897e-158 | 6.553980269¢e-01 | 5.083291179e-03
i Eniyi 5.533769836e-38 | 1.31674151e-172 | 1.131546252e-01 | 2.038355882¢-03
StdSapma 6.291660289¢-23 | 9.88896553e-158 | 3.244607945e-01 | 3.216886321e-03
Siire (s) 0.0924699 0.0967534 0.373527 0.113696
EnKotii 4.443827991e-01 | 7.149647793e-03 | 1.664973966e+00 | 3.247722878e-01
Ortalama 5.489774096e-02 | 8.214041140e-04 | 1.258813204e-01 | 3.014839083e-02
f4 Eniyi 2.864129340e-03 | 3.956924182e-06 | 1.211753808e-16 | 1.329231841e-04
StdSapma 1.015276885e-01 | 1.584175480e-03 | 3.130086335e-01 | 6.827050649¢-02
Siire (s) 0.126724 0.230745 0.462959 0.0940044
EnKotii 0.000000000e+00 | 0.000000000e+00 | 4.279579138e+00 | 7.339623406e-01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.751326142e+00 | 2.783378629¢-01
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 3.684543025e-01 | 1.684119921e-01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 9.606739882e-01 | 1.129142690e-01
Siire (s) 0.948987 3.53288 2.09585 1.81953
EnKotii 8.598985752¢e-04 | 0.000000000e+00 | 1.994312920e+00 | 2.492185246e-08
Ortalama 1.444335406e-04 | 0.000000000e+00 | 1.548527086e+00 | 8.307286831e-10
fs Eniyi 1.276578562e-05 | 0.000000000e+00 | 9.106032516e-01 | 1.434947756e-23
StdSapma 1.579055487e-04 | 0.000000000e+00 | 2.966525027e-01 | 4.473609377¢-09
Siire (s) 0.130058 0.376848 0.489844 0.197483
EnKotii 6.667417809¢-01 | 2.250845284e-01 | 1.627529292e+00 | 9.855168948e+00
Ortalama 6.666850886e-01 | 1.154940209e-01 | 7.133118136e-01 | 4.405471984e+00
f Eniyi 6.666677928e-01 | 2.882321837e-02 | 6.666669529¢-01 | 7.178599397e-01
StdSapma 1.831909903e-05 | 4.662332810e-02 | 1.752551541e-01 | 2.001336416e+00
Siire (s) 0.0621574 0.135372 0.345279 0.0564814

6.2.

Bu boliimde 50 boyuttaki f;-f7 arast test fonksiyonlart SWO, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢oziilmiis ve elde
edilen kutu grafikleri Sekil 28-34 aras1 ve yakinsama egrileri ise Sekil 35-41 arasinda gosterilmistir. Tiim algoritmalara gore

Boyutu 50 Olan Test Fonksiyonlar: i¢in

bulunan sonuglar en kotii, ortalama, en iyi, standart sapma ve siire olarak Tablo 3’te verilmistir.

Best Cost Values

Metaheuristic Optimization Algorithms ( 30 Run )

x10* : . Elliptic Function

Sekil 28. fi icin kutu grafigi (50-D)

Metaheuristic Optimization Algorithms ( 30 Run )
ion

Non-Continuous Rastrigin Functi
T

swo HHO

Sekil 29. f; icin kutu grafigi (50-D)
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CostFunctions 8oxPlts
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Sekil 30. f3 icin kutu grafigi (50-D)
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Sekil 32. fs icin kutu grafigi (50-D)
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Sekil 34. f7 icin kutu grafigi (50-D)

Cost Functions _BoxPlots
Metaheuristic Optimization Algorithms ( 30 Run )
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Sekil 31. f4 i¢in kutu grafigi (50-D)
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Sekil 33. fs icin kutu grafigi (50-D)
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Sekil 35. fi i¢cin yakinsama egrileri (50-D)
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Sekil 28-41 arasi gosterilen 50 boyuttaki f;-f; arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f; ve f> test fonksiyonlari igin Sekil 28-29°da SWO ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklart ve Sekil 35-36’da ise HHO’nun SWQ’ya goére daha hizli bir sekilde
yakinsadiklar1 goriilmektedir. f; test fonksiyonu icin Sekil 30°’da SWO ve HHO algoritmalarinin iyi bir dagilimlara sahip
olduklar1 ve Sekil 37°de ise HHO nun SWO’ya gore daha iyi performans gosterdigi soylenebilir. f; test fonksiyonu igin Sekil
31’de HHO algoritmasinin en iyi dagilima sahip oldugu ve Sekil 38’de ise CSS algoritmasinin HHO ve SWO’ya gore daha iyi
performans gosterdigi ifade edilebilir. f5 test fonksiyonu icin Sekil 32°de SWO ve HHO algoritmalarinin iyi bir dagilima sahip
olduklar1 ve Sekil 39°da ise HHO algoritmasinin SWO ile birlikte iyi yakinsadiklar1 goriilmektedir. fs test fonksiyonu i¢in Sekil
33’te SWO, HHO ve BSA algoritmalarimin iyi bir dagilima sahip olduklar1 ve Sekil 40°da ise HHO ile BSA algoritmalarmin
SWO’ya gore daha iyi yakinsadigi sOylenebilir. f7 test fonksiyonu igin Sekil 34’te SWO ile HHO algoritmalarmin iyi bir
dagilima sahip olduklar1 ve Sekil 41°de ise HHO algoritmasinin SWO’ya goére daha hizli ve ayni degere yakinsadiklar1 ifade
edilebilir.

Tablo 3 incelendiginde SWO algoritmasinin f> ve f5’de en iyi ¢6ziim noktalarinda, diger fonksiyonlarda ise HHO ve CSS
algoritmalariin en iyi degerleri yakaladiklar1 goriilmektedir. Ortalama siire agisindan da SWO algoritmasinin en iyi siirede f7, />,
13, f4, f5 ve fs’da oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durumlar olan f;, f3, fs ve f,’de ortalama
degerler agisindan karsilastirildiginda SWO algoritmasindan daha iyi oldugu ve standart sapmalar agisindan karsilastirildiginda
ise f7 haric SWO algoritmasindan daha iyi oldugu gériilmektedir. CSS algoritmasinin en iyi degeri yakaladigi durum olan f;’de
ortalama degerler ve standart sapmalar agisindan karsilastirildiginda ise, SWO algoritmasindan daha iyi degerlere sahip oldugu
goriilmektedir.
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Tablo 3. Algoritmalarin 50 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz caliyma)

Swo HHO css BSA

EnKotii 9.571589029e-32 | 6.41821678e-277 | 2.871426770e+04 | 1.996977551e+05
Ortalama 3.190529677¢-33 | 2.20543306e-278 | 8.524039799e+03 | 6.290995202¢+04
fi Enliyi 2.910475160e-72 | 2.17773195e-296 | 1.697173203e+03 | 2.110301964e+04
StdSapma 1.718152813e-32 | 0.000000000e+00 | 6.795176549e+03 | 3.691009619¢+04

Siire (s) 0.18087 0.351729 0.637389 0.267548
EnKotii 0.000000000e+00 | 0.000000000e+00 | 4.193025502e+02 | 7.066658934e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.573648572e+02 | 5.548026066e+01
f2 Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.232521178e+01 | 4.088485310e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.351401446e+02 | 7.210412241e+00

Siire (s) 0.132747 0.438639 0.778613 0.197815
EnKotii 1.381706423e-25 | 2.58990167e-156 | 4.597241239e+00 | 6.412854319e-01
Ortalama 9.281336991e-27 | 2.74891215e-157 | 1.392081202e+00 | 2.096120013e-01
f3 Enliyi 3.146463027¢-43 | 1.71220704e-165 | 2.383582911e-01 | 7.118716159e-02
StdSapma 3.076449348e-26 | 5.88289395e-157 | 8.580532196e-01 | 1.223659873e-01

Siire (s) 0.112161 0.119756 0.526845 0.131693
EnKotii 5.388983169¢+00 | 8.679383717¢-03 | 1.441088269e+00 | 2.668654382¢+00
Ortalama 1.718599612e+00 | 8.525003795e-04 | 1.655641668e-01 | 1.282638371e+00
f4 Enliyi 3.468654397¢-01 | 1.199906907¢-06 | 1.475388260e-10 | 4.569776301e-01
StdSapma 1.128538148e+00 | 1.792242215e-03 | 3.586133844e-01 | 5.898837705¢e-01

Siire (s) 0.118881 0.384402 0.538354 0.157207
EnKotii 0.000000000e+00 | 0.000000000e+00 | 9.318741365e¢+00 | 9.734084080e+00
Ortalama 0.000000000e+00 | 0.000000000e+00 | 4.578699805e¢+00 | 4.603357036e+00
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.381571537e+00 | 2.590997463e+00
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.722825154e+00 | 1.617311691e+00

Siire (s) 1.65606 6.3429 3.4381 2.81924
EnKotii 1.543433394e-02 | 0.000000000e+00 | 4.015088642e+00 | 3.324551946¢-05
Ortalama 5.895320416e-03 | 0.000000000e+00 | 3.154592879¢+00 | 4.914669733¢-06
fs Enlyi 1.451628031e-03 | 0.000000000e+00 | 2.060935886e+00 | 1.497777627e-16
StdSapma 3.051713844¢-03 | 0.000000000e+00 | 4.645106288e-01 | 8.646844487¢-06

Siire (s) 0.272809 1.04624 0.745826 0.327373
EnKotii 6.670122705e-01 | 2.497433539¢-01 | 5.248177066e+00 | 1.326534283e+02
Ortalama 6.668160079¢-01 | 1.629861398e-01 | 8.463822177e-01 | 4.607752485¢+01
f Enliyi 6.666946601e-01 | 7.391894133e-02 | 6.666703273e-01 | 2.138019777¢+01
StdSapma 8.387528316e-05 | 4.287515677¢-02 | 8.193092468e-01 | 2.134020147¢+01

Siire (s) 0.0927233 0.242556 0.517351 0.078468

6.3.

Bu boliimde 100 boyuttaki f;-f7 arasi test fonksiyonlart SWO, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢oziilmiis ve
elde edilen kutu grafikleri Sekil 42-48 arasi ve yakinsama egrileri ise Sekil 49-55 arasinda gosterilmistir. Tiim algoritmalara gore

Boyutu 100 Olan Test Fonksiyonlar: i¢in

bulunan sonuglar en kotii, ortalama, en iyi, standart sapma ve siire olarak Tablo 4’te verilmistir.
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Sekil 42-55 aras1 gosterilen 100 boyuttaki f;-f7 arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f; ve f> test fonksiyonlar i¢in Sekil 42-43’te SWO ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklari ve Sekil 49-50’de ise HHO’nun SWOQO’ya gore daha hizli bir sekilde
yakinsadiklar1 goriilmektedir. f; test fonksiyonu igin Sekil 44’te SWO ve HHO algoritmalarinin iyi bir dagilimlara sahip
olduklar1 ve Sekil 51°de ise HHO nun SWO’ya gore daha iyi performans gosterdigi sOylenebilir. f; test fonksiyonu igin Sekil
45°de HHO ve CSS algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 52°de ise HHO ve CSS algoritmalarinin SWO’ya
gore daha iyi performans gosterdigi ifade edilebilir. f5 test fonksiyonu icin Sekil 46°’da SWO ve HHO algoritmalarinin iyi bir
dagilima sahip olduklar1 ve Sekil 53’te ise HHO algoritmasinin SWO ile ayni1 degere yakinsadiklari goriilmektedir. fs test
fonksiyonu i¢in Sekil 47°de HHO ile BSA algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 54’te ise HHO ve BSA
algoritmalariin SWO’ya gore daha iyi yakinsadigi sdylenebilir. f; test fonksiyonu igin Sekil 48’de SWO, HHO ve CSS
algoritmalariin iyi bir dagilima sahip olduklar1 ve Sekil 55°de ise HHO algoritmasinin SWO’ya gore daha hizli yakinsadigi
ifade edilebilir.

Tablo 4 incelendiginde SWO algoritmasmin f> ve fs°de en iyi ¢dziim noktalarinda, diger fonksiyonlarda ise HHO
algoritmasinin en iyi degerleri yakaladiklar goriilmektedir. Ortalama siire agisindan da SWO algoritmasinin en iyi siirede f7, f,
f4, 5, f6 ve f7’de oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durumlar olan f;, f3, fs ve fs’da ortalama
degerler ve standart sapmalar agisindan karsilastirildiginda ise, SWO algoritmasindan daha iyi oldugu goriilmektedir. HHO
algoritmasinin en iyi degeri yakaladigi durum olan f7’de ortalama degerler agisindan karsilastirildiginda, SWO algoritmasindan
daha iyi degerlere sahip oldugu ve standart sapmalar agisindan karsilastirildiginda ise SWO algoritmasindan daha koti degerlere
sahip oldugu goriilmektedir.
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Tablo 4. Algoritmalarin 100 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz caliyma)
SWo HHO CSS BSA
EnKotii 7.499726829e-32 | 4.94197136e-276 | 8.392134107e+05 | 3.008172789¢e+07
Ortalama 2.572180203e-33 | 1.70090182e-277 | 1.017145069e+05 | 8.117098571e+06
fi Enlyi 2.854394114e-65 | 2.27855811e-295 | 8.149396871e+03 | 2.257152310e+06
StdSapma 1.345460675e-32 | 0.000000000e+00 | 1.773132206e+05 | 5.553688722e+06
Siire (s) 0.313932 0.607552 0.903743 0.447395
EnKotii 0.000000000e+00 | 0.000000000e+00 | 7.754217525e+02 | 2.910749230e+02
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.035094238e+02 | 2.293255475e+02
I Eniyi 0.000000000e+00 | 0.000000000e+00 | 9.142990366e+00 | 1.585523854e+02
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.714588525e+02 | 3.282452937e+01
Siire (s) 0.148533 0.348959 0.619033 0.198577
EnKotii 1.921399255e-26 | 1.27449386e-154 | 6.093792619e+00 | 1.301058367e+01
Ortalama 1.084071530e-27 | 7.49256779¢e-156 | 3.206623703e+00 | 8.549302892¢+00
i Eniyi 4.724427380e-39 | 7.94069719e-164 | 2.101854071e-02 | 4.532600510e+00
StdSapma 3.761239860e-27 | 2.71506276e-155 | 1.670842189e+00 | 1.811710678e+00
Siire (s) 0.125445 0.12431 0.565801 0.121941
EnKotii 9.869290428e+01 | 1.654379434e-02 | 2.015888167e+00 | 7.097438424e+01
Ortalama 3.055266038e+01 | 1.220085645e-03 | 5.124034157e-01 | 4.903051232e+01
fi Eniyi 1.079862194e+01 | 3.046131352e-07 | 1.018482902e-03 | 2.898540536e+01
StdSapma 2.191833382e+01 | 2.940982370e-03 | 6.374421062e-01 | 1.207821902e+01
Siire (s) 0.150351 0.41846 0.624653 0.17086
EnKotii 0.000000000e+00 | 0.000000000e+00 | 1.952937480e+01 | 3.663805112e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.428026756e+01 | 3.255078018e+01
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.125964899e+01 | 2.462647426e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 2.415380110e+00 | 2.888057420e+00
Siire (s) 2.71994 10.1082 5.44946 4.96749
EnKotii 4.641408978e-01 | 0.000000000e+00 | 8.801297790e+00 | 9.096605556e-02
Ortalama 2.079836821e-01 | 0.000000000e+00 | 7.552437615e+00 | 4.562120093e-02
fs Eniyi 1.056742832e-01 | 0.000000000e+00 | 6.659663915e+00 | 5.905831101e-03
StdSapma 7.496553776e-02 | 0.000000000e+00 | 5.942220006e-01 | 2.107831378e-02
Siire (s) 0.341292 1.12568 1.01241 0.581091
EnKotii 6.679236633e-01 | 2.508023605e-01 | 3.567204171e+01 | 9.275321920e+03
Ortalama 6.671542799e-01 | 1.803532231e-01 | 1.047601157e+01 | 4.037083487¢+03
f Eniyi 6.666794193e-01 | 1.227066305e-01 | 9.270521615e-01 | 1.184919624e+03
StdSapma 3.562909965e-04 | 3.725655588e-02 | 8.010874527e+00 | 2.091156085e+03
Siire (s) 0.111163 0.289212 0.651036 0.116422

6.4.

Sabit Boyutlu Test Fonksiyonlari i¢cin

Bu béliimde 2 boyuttaki fs ve fo, 4 boyuttaki f;y test fonksiyonlart SWO, HHO, CSS ve BSA algoritmalariyla 30’ar kez
¢ozlilmiis ve elde edilen kutu grafikleri Sekil 56-58 arasi ve yakinsama egrileri ise Sekil 59-61 arasinda gosterilmistir. Tiim
algoritmalara gore bulunan sonuglar en kotii, ortalama, en iyi, standart sapma ve siire olarak Tablo 5’te verilmistir.
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Sekil 60. f9 i¢in yakinsama egrileri (2-D) Sekil 61. f10 icin yakinsama egrileri (4-D)

Sekil 56-61 aras1 gosterilen sabit boyuttaki fs-f;9 arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f3 test fonksiyonlart i¢in Sekil 56’da SWO ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklar1 ve Sekil 59°da ise HHO’nun SWO’ya gore daha hizli bir sekilde ayn1 degere
yakinsadiklar1 goriilmektedir. fo test fonksiyonu i¢in Sekil 57°de SWO, HHO ve BSA algoritmalarinin iyi bir dagilimlara sahip
olduklar1 ve Sekil 60’da ise CSS, HHO ve BSA’nin SWO’ya gore daha hizli ve fakat tiim algoritmalarin ayni degere
yakinsadiklar1 sdylenebilir. £y test fonksiyonu i¢in Sekil 58’de HHO algoritmasinin iyi bir dagilima sahip oldugu ve Sekil 61°de
ise HHO ve BSA algoritmalarinin SWQO’ya gore daha hizli olduklar: ifade edilebilir.

Tablo 5. Algoritmalarin Sabit boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz ¢alisma)

Swo HHO css BSA

EnKotii 0.000000000e+00 | 0.000000000e+00 | 1.375220729e-01 | 9.715909878e-03
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.050293825¢e-02 | 8.638555997e-04
fs Enlyi 0.000000000e+00 | 0.000000000e+00 | 3.300863938e-05 | 0.000000000e+00
StdSapma 0.000000000e+00 | 0.000000000e+00 | 2.884166951e-02 | 2.478597898e-03

Siire (s) 0.0716249 0.0820939 0.261233 0.0408193
EnKotii 1.768068617e-09 | 1.577721810e-29 | 1.526359564e+00 | 1.959677532¢-22
Ortalama 5.998376605e-11 | 1.367358902e-30 | 1.134555325e-01 | 6.589065130e-24
fo Enlyi 0.000000000e+00 | 0.000000000e+00 | 1.416855131e-03 | 0.000000000e+00
StdSapma 3.172261287e-10 | 3.161573252e-30 | 2.717440129¢-01 | 3.516722141e-23

Siire (s) 0.0389045 0.065922 0.271835 0.0298616
EnKotii 1.889337486e-01 | 1.906626048e-01 | 2.202368095e-01 | 1.889337486¢-01
Ortalama 7.830682215e-02 | 1.558400003e-01 | 1.993740795e-01 | 8.383816546¢-02
yill Enlyi 2.299335416e-02 | 2.299335416e-02 | 1.903879040e-01 | 2.299335416e-02
StdSapma 7.822504989¢-02 | 6.642365387e-02 | 7.703616069e-03 | 7.996574845e-02

Siire (s) 0.0482818 0.0764176 0.264134 0.0380855

Tablo 5 incelendiginde SWO algoritmasinin fs ve f;o’da en iyi ¢6ziim noktalarinda, diger fonksiyonda ise HHO algoritmasinin
en iyi degeri yakaladiklar1 goriilmektedir. Ortalama siire acisindan da BSA algoritmasinin en iyi siirede fs, fo ve fio’da oldugu
goriilmektedir. SWO algoritmasinin f;o’da ortalama deger agisindan diger algoritmalardan daha iyi standart sapmalar acisindan
karsilastirildiginda ise HHO ve CSS algoritmalarindan daha kétii bir degere sahip oldugu goriilmiistiir. HHO algoritmasinin en
iyi degeri yakaladig1 durum igin fs’de ortalama degerler ve standart sapmalar acgisindan karsilastirildiginda SWO algoritmasindan
daha iyi degerlere sahip oldugu goriilmektedir.
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7. Tartisma

Bu c¢alismada SWO algoritmasinin performanst hem sabit hem de degisken boyutlu fonksiyonlar iizerinde HHO, CSS ve
BSA algoritmalariyla kargilagtirtlmistir. Elde edilen bulgular, SWO algoritmasinin &zellikle /> (Non-Continuous Rastrigin) ve fs
(Weierstrass) gibi yiiksek sayida yerel minimum igeren fonksiyonlarda sifir hata ile sonuglar tiretebildigini gostermektedir. Bu
durum, algoritmanin yerel minimumlardan ka¢inma ve kiiresel optimuma yakinsamada etkili oldugunu gostermektedir.

HHO algoritmasi 6zellikle yakinsama hizi agisindan giiglii bir performans sergilemis ve SWO’ya gore bazi fonksiyonlarda
daha hizli sonug tiretmistir. Ancak, HHO’nun bazi durumlarda standart sapma degerlerinin artmasi, ¢6ziim kararlilig1 agisindan
SWO’ya gore daha az istikrarli oldugunu diisiindiirmektedir.

CSS algoritmasi, fizik tabanli yapisi sayesinde bazi problemler iizerinde iyi sonuglar vermistir (6rnegin f;), ancak genel
olarak yiiksek hesaplama maliyeti ve siire agisindan dezavantajlidir. BSA ise bazi fonksiyonlarda rekabetc¢i performans gostermis
olsa da genelde SWO’ya gore daha diisiik ¢6ziim kalitesine sahiptir.

Tiim bu bulgular, SWO algoritmasinin belirli problem tiirlerinde oldukg¢a basarili oldugunu ve uygun parametre ayarlari ile
daha da iyilestirilebilecegini ortaya koymaktadir. Ancak, baz1 durumlarda yakinsama hizinin HHO’ya kiyasla daha diisiik olmasi,
gelecekte SWO algoritmasinda adaptif parametre ayar1 ve dinamik strateji gecisi gibi iyilestirme yonlerinin
degerlendirilebilecegini gostermektedir.”

8. Sonuclar

Bu calismada dogadaki disi 6riimcek arilarinin avlanma, yuva yapma ve c¢iftlesme davranislarindan ilham alan, yani dogadan
ilham alan yeni bir siirii tabanli meta-sezgisel algoritma olan SWO tanitilarak cesitli test fonksiyonlar1 lizerinde uygulanmastir.
Bu algoritma Oriimcegi arama, diisen Oriimcegi takip etme ve kagma, felgli 6riimcegi yuvalama ve disi ortimcek arisinin
yumurtlamak icin c¢iftlesme davramigi gibi dogadaki disi ortimcek arilarinin davranislarini taklit eden dort agsamadan olusur.
SWO'nun en biiyiik dezavantaji ise kontrol parametrelerinin performansin1 maksimuma ¢ikaracak degerleri bulmaktaki zorluktur.

MAlar fizik, evrim, siirii ve insan tabanli olmak tizere dort farkli ana kategoride olduklari icin SWO ile elde edilen sonuglar,
HHO, CSS ve BSA algoritmalarinin sonuglariyla karsilastirtlmigtir. Siirii tabanli algoritmaya ornek olan SWOQO’ya karsilik
calismada literatiirden karsilagtirmak i¢in se¢ilen algoritmalardan HHO siirii, CSS fizik ve BSA ise evrim tabanli algoritmalardir.
Algoritma se¢im igleminde kargilagtirma igin segilen MA’larin bir adedinin ayni tabanli gruptan diger ikisinin farkli tabanlt
gruptan olmasima 6zen gosterilmistir.

Calismada biri unimodal, alt1 adedi multimodel olan 7 adet test fonksiyon 30, 50 ve 100 boyutlu ve {i¢ adedi ise sabit boyutlu
fonksiyon olmak iizere toplam on adet test fonksiyonu kullanilmistir. Segilen 30 ve 50 boyutlu yedi adet test fonksiyonun
coziimlerinde en iyi degerlere sahip algoritmalar sirasiyla HHO (1 adet unimodal test fonksiyonu, 3 adet multimodal test
fonksiyonu), SWO (2 adet multimodal test fonksiyonu) ve CSS (1 adet multimodal test fonksiyonu) olmustur. Yedi adet test
fonksiyonunun 100 boyutlu olmasi durumunda ise en iyi degerlere sahip algoritmalar sirasiyla HHO (1 adet unimodal test
fonksiyonu, 4 adet multimodal test fonksiyonu) ve SWO (2 adet multimodal test fonksiyonu) olmustur. Sabit boyut igin yapilan
degerlendirmede en iyi degerlere sahip algoritmalar sirasiyla SWO (2 adet multimodal test fonksiyonu) ve HHO (1 adet
multimodal test fonksiyonu) olmustur. Calismada tiim kutu grafikleri ve yakinsama egrileri birlikte incelendiginde SWO ve
HHO algoritmalarinin en basarili algoritmalar oldugu goriilmektedir. Ayrica makaledeki Tablo 2, 3, 4, 5’in tiimii birlikte
incelendiginde SWO’nun ¢aligmada kullanilan diger algoritmalara gére en iyi ¢dziim siiresine sahip oldugu goriilmektedir.

Bu ¢alisma SWO algoritmasinin farkl test fonksiyonlari iizerindeki performansinin arastirilmasi i¢in bir 6n ¢alisma niteligi
tasimaktadir. Bundan sonra yapilacak ¢alismalardan biri algoritmanin elektrik elektronik miihendisligi alaninda dnemli bir yere
sahip olan ekonomik giic dagitimi problemlerine uygulanmasi olacaktir. Ayrica yapilacak g¢aligmalar arasmmda SWO’nun
dezavantaji olan kontrol parametreleri lizerinde durularak algoritmanin performansini yiikseltilmesi konusu da yer alabilir.
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Abstract

Intelligent Transportation Systems (ITS) are among the key topics that are drawing attention in today’s rapidly evolving transportation
landscape. The usage of ITS solutions is expanding globally, addressing the increasing demands for efficient, safe, and sustainable
transportation systems. These systems, designed to enhance various aspects of transportation, such as traffic management, passenger
information, fleet operations, and emergency response, bring both significant opportunities and challenges. In this study, a comprehensive
SWOT analysis is performed on ITS architecture to evaluate its strengths, weaknesses, opportunities, and threats. The study also incorporates a
risk analysis to assess the potential vulnerabilities and risks associated with the implementation and operation of ITS systems. The areas
examined within the ITS architecture include passenger and driver information systems, traffic management systems, cargo and fleet
management systems, public transportation systems, emergency management systems, electronic payment systems, and personal safety and
security systems. Through expert opinions and a thorough review of the literature, the study aims to provide a detailed evaluation of ITS and its
components. It also identifies the risks associated with ITS systems, such as technological limitations, high implementation costs, and potential
security issues. By addressing these challenges and proposing strategies for mitigation, this research aims to guide future studies and support
practitioners in their efforts to improve and expand ITS systems. The findings of this study provide actionable insights for the successful
implementation of ITS by detailing specific weaknesses, threats, and opportunities for improvement. It also highlights the need for robust
action plans that will ensure the resilience, sustainability, and long-term effectiveness of ITS solutions in the face of evolving transportation
needs. This research will serve as a valuable resource for future efforts in ITS development and will contribute to the advancement of
intelligent transportation solutions worldwide.

Keywords: “Intelligent transportation systems, intelligent transportation systems architecture, SWOT analysis, risk analysis.”

1. Giris

Teknolojideki son geligsmeler ve internetin sagladig: kiiresel baglant1 sayesinde, ulagim sistemleri, insanlarin ve {riinlerin
sehirlerde hareket etme seklini degistirecek derin bir doniisiim gegirmektedir. Bu teknolojiyi kullanan sehirlerin hareketliliklerini
ve ekonomik iiretkenliklerini artirmalar1 ve kirlilik diizeylerini diigiirmeleri beklenmektedir. Bu yeni ulasim yaklasimina Akill
Ulagim Sistemleri (AUS) adi verilir [1].

Hizl niifus artis1, ekonomik biiylime, kaynak tiiketimi gereksinimi ve artan sehirlesme gibi faktorler, ulasim sektoriinde yeni
teknolojilerin takibini ve bilimsel ilerlemeler dogrultusunda akilli ¢oziimler gelistirmeyi zorunlu hale getirmistir. AUS,
ulagimdaki zorluklara ileri teknolojik ¢oziimler sunarak yasami kolaylastirmayi [2], zaman ve enerjinin verimli kullanilmasini
artirarak lilke ekonomisi, ¢evre ve toplum sagligi i¢in yararli faaliyetler olusturmay1 amaglar [3]. Ayrica AUS, gelistirilebilir
ulagim sistemleri yonetimini, toplu tagima ve bunun yani sira ulagimin bir¢ok yanimi ¢evreleyen bireysel kararlar1 kapsayan bir
grup teknolojiyi temsil eder. AUS teknolojileri son teknoloji kablosuz iiriinleri, elektronik ve otomatik teknolojileri; kara ulasim
giivenligini, verimliligini ve kolayligimi gelistirmeyi amaglayan teknolojileri kapsar [4].
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AUS, seyahat siirelerini azaltma, trafik giivenligini artirma, mevcut yol kapasitelerini en etkin sekilde kullanma, mobiliteyi
artirma, enerji verimliligini saglama ve iilke ekonomisine katkida bulunma hedefleri dogrultusunda gelistirilmis karmagik
sistemlerdir. Bu sistemler, kullanicilar, aracglar, altyap1 ile merkez arasinda ¢esitli yonlii veri aligverisi, izleme, 6l¢me, analiz ve
kontrol etme siireglerini icerir. Ayrica, gevreye verilen zarari azaltma amaciyla da ¢aligirlar [5].

1960’11 yillarin sonlarinda baglayan AUS uygulamalari, teknolojik hareketliligin artmasiyla beraber giiniimiizde ulusal ve
uluslararasi diizeyde son derece kritik bir rol oynamistir. Bu alanda 6nciililk etmis olan iilkelerin arasinda rekabet ortaminin
olusmasi, AUS uygulamalarinin gesitlenmesine ve yayginlasmasina ivme kazandirmustir [2]. Tirkiye’de ise AUS, 2000°li
yillarda birgok ulusal politika belgelerinde yer almasiyla bir gereksinim oldugu ortaya ¢ikmistir. Fakat bu konunun 6zel olarak
ele alinmasi gereken bir konu olmasinin farkindaligi ve izlenecek adimlarin saptanmasi, 2014 yilinda olusturulan Ulusal AUS
Strateji Dokiimani ile gergeklestirilebilmistir [6].

Bu ¢alismada, Tiirkiye i¢in AUS Mimarisinin genel yapisina deginilip bu mimari igerisindeki servisler incelenmektedir.
Calismada temel olarak AUS Mimarisi olarak yolcu ve siiriicli bilgilendirme sistemleri, trafik yonetimi sistemleri, yiik ve filo
yonetim sistemleri, toplu tasima sistemleri, acil durum yonetim sistemleri, elektronik 6deme sistemleri ve kisisel emniyet ve
giivenlik sistemlerinin incelenmesi saglanmaktadir. Uzman gorislerinin alinarak yapildigi ¢alismada AUS ile ilgili SWOT
Analizi gergeklestirilmektedir ve SWOT Analizi sonuglarindaki tehditler ve zayif yonler degerlendirilerek ve Risk Analizi ile
degerlendirilmektedir. Risk analizi sonuglarina gore risklerin Onceliklendirilmesi ve aksiyon planlarinin belirlenmesi
amaclanmaktadir.

Caligmanin ilk kisminda amaglara ve girise yer verilmektedir. Caligmanin ikinci kisminda AUS servisleri incelenmektedir ve
¢alismanin {igiincli kisminda literatiiriin detaylandirilmasi yapilmaktadir. Calismanin doérdiincii kisminda yontemlere, besinci
kisminda ise uzman goriigleri, SWOT analizi ve risk analizi uygulamasma yer verilmektedir. Son kisimda ise sonuglar ve
tartisma kismi sunulmaktadir.

2. Akilh Ulasim Sistemleri Mimarisi

AUS Mimarisi, bu baslik altinda, yolcu ve siiriicii bilgilendirme sistemleri, trafik yonetimi sistemleri, yiik ve filo yonetim
sistemleri, toplu tagima sistemleri, acil durum yonetim sistemleri, elektronik 6deme sistemleri ve kisisel emniyet ve giivenlik
sistemleri olmak iizere yedi alt baglikta incelenmektedir.

2.1.  Yolcu ve Siiriicii Bilgilendirme Servisi

Yolcu bilgilendirme sistemi, yolcularin ulagim ile ilgili bilgileri, bilgi ve iletisim teknolojilerini bir arada kullanarak eristigi
uygulamadir. Yolcu ve siiriiciilerin hangi ulasim sececegini seyahate baslamadan once belirleyecegi, yolculuk giizergah
bilgilerini, ulagimin olasi ne kadar siirecegi vs. bilgilerine erisimini saglayacak mobil uygulamalar, internet hizmetleri gibi birgok
teknolojik uygulamalarin kullanilabilecegi servis tiirlidiir [7]. Bu, yolcularin seyahat sirasinda planlarmi yapmada ve
beklenmedik durumlarla karsi daha etkili ¢oziim ve basa ¢ikma firsatlari tanir. Yolcu bilgilendirme sistemleri daha iyi bir hizmet
sunarak miisteri ve yolcu memnuniyetini arttirdigi i¢in ayn1 zamanda toplu tasima operatdrlerine de fayda saglamis olur.
Kullanicilara giizergah bilgileri, farkli ulasim segenekleri, yolculuk saatleri ve benzeri bir¢ok konuda bilgi sunulmaktadir.
Gelisen ve degisen ¢agla birlikte mobil telefonlarinin kullaniminin artmasi sebebiyle belediyelerin kullanicilarin erigimi igin
bir¢ok mobil uygulama olusturulmustur. Gelistirilen uygulamalar sayesinde kullanicilarin erisimine ihtiya¢ duyduklari ulagim
verileri en yakin dogrulukla ve gercek zamanli olarak ulagmasini saglamiglardir [8].

Yolcu ve siiriicii bilgilendirme sistemleri i¢in Qureshi ve Abdullah [9] yaptig1 ¢alismada, bolgesel ¢ok modlu ve siiriicii bilgi
sistemi, karayolu ve toplu tagima verilerinin toplanmasinda merkezi odak noktasidir. Bu sistem her tiirlii otoyol ve arteri, yolu,
toplu tasimay1 kapsamakta ve komsu sehirler, tilkeler gibi tiim alanlar1 kapsamaktadir. Sistem, ger¢cek zamanli veri toplama ve
bilgilerin genel kalitesini ve yolcular igin erisilebilirligi artirtyor. Yolcu bilgilendirme sistemi, yolcularin bilgileri ger¢ek zamanh
olarak tek platformda almasini kolaylastirir ve yararlanir. Yolcu bilgilendirme sistemi kablosuz ve web entegrasyonu
teknolojileri ile ¢alisir. Tektas vd. [3] ¢alismalarinda, zamani ve enerjiyi verimsiz kullanmayi engellemek AUS’nin amaglari
arasinda yer alir; bu da toplu tagima kullanimina tesvik etme ve gelistirme konusunda énemli bir etkidir. Yolcu bilgilendirme
sisteminin ana temasi gorevi bu oldugu sdylenebilir. Yolcu bilgilendirme sistemlerinin saglikli ve amaca uygun kullanilmasi igin
son kullanicilarin farkindaligiin yiiksek olmasi gerekmektedir. Glinlimiizde, yolcu bilgilendirme sistemleri arasinda 6ne ¢ikan
uygulamalar arasinda, NextBus ve benzeri sistemlerle birlikte yolculara bir sonraki toplu tagima aracinin varis zamanini bildiren
akilli duraklar bulunmaktadir.
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2.2. Trafik Yonetim Sistemleri

Trafik yonetim sisteminin genel amaci karayolu trafigini diizenlenmesi iyilestirilmesi gibi amaglarla kullanilan teknolojik
sistemlerdir. Bu sistemler baslica trafik sikisikligini iyilestirme, kazalari engelleme, trafik sinyalizasyonunu ve yol durumunu
izlemek ve yonetmek gibi amaglar i¢in kullanilir.

Ates ve Korkmaz [10] ¢alismalarinda ulasim hizmetinin giiglendirilmesi, trafik sikigikligini azaltmak ve trafik verimliligini
arttirmak gibi amagclarin trafik yonetim sistemi tarafindan saglanmasi gerektigini tanimlamistir. Trafik yonetim sistemlerinin,
trafik yonetiminin sorumlulugu olan alanlardaki olusabilecek herhangi bir acil durum veya kazaya miidahale edebilme
konusunda yardimci olabilecegi degerlendirilmektedir. Bu miidahale yardimi neticesi sayesinde ilgili kurumlarla iletisime
gecilerek kazanin daha kotili sonuglarinin 6nlenebilmesi saglanabilmektedir [11]. Trafik yonetim sistemleri glizergdh planlama,
alternatif rota hesaplama, siiriicii bilgilendirme, park yonetimi gibi pek ¢ok alt uygulama alanlar1 olan AUS’nin en 6énemli pargasi
ise, sehir i¢i kavsaklarda kullanicilarin dur/kalk zamanlarini optimize etmek, olabilecek trafik kazasi risklerini 6nlemek, emisyon
ve yakit salmimini azaltmak amaglariyla yolcu ve siiriiciilere daha konforlu ve giivenli bir yolculuk imkéni sunan sistemleri
icerir. Bunlarin neticesinde trafik yonetim sistemi gelecekte ve giiniimiizde sehir ici trafigin daha dinamik ve akici bir sekilde
yiiriitiilmesinde katkis1 olacagi goriilmektedir [12]. Trafik yonetim sistemleri i¢in Yardim ve Akyildiz [13] yaptig1 calismada, ana
yollarin ve kent i¢i ulagim aginin, trafik sinyal zamanlarinin iyilestirilmesi, kontrolii ve koordine edilmesi hedefleriyle kurulmus
sistemlerdir. Dogru zamanli sinyalizasyon denetimi, toplu tasima ve acil durum tasitlarina karst duyarli sinyal siirelerinin
bulunmasi arter yonetimiyle uygulanmaktadir. Sinyalizasyonun denetlenmesi tiim arterdeki kavsaklar icin sinyal devresi siiresi
derecesi ayarlama ve talep edilen unsura gore degisiklikler yapilmasina yardimci olur.

2.3. Yiik ve Filo Yonetim Sistemleri

Yiik ve filo yonetim sistemi, bir filonun planlanmasi ve yonetilmesinden baslayarak, kalite yonetimi standartlarinda yiikiin
nihai miisteriye ulastirilmasina kadar olan siire¢lerin tiimiiniin yonetilmesi ve izlenmesini saglayan bir yonetim yaklasimidir. Bu
sistem, siireclerin siirekli iyilestirilmesini amaglayarak operasyonel etkinligi artirmay1 hedefler.

Karayollar1 Diizenleme Genel Miidiirliigiince yiiriitiilen yol kenar1 denetleme istasyonlarini yenilenmesi agamasinda plaka
kontrol, otomatik dlgme sistemi ve agirlik tespiti sistemleri kullanicilara plaka, boyut ve agirlik verilerini gostermesiyle
bilgilendirmesi saglanan degisken mesaj isaretleri gibi AUS teknolojileri Tiirkiye’de ticaret amagli yolcu ve yiik tasiyan araglarin
belge, boyutu ve yiik denetlemelerinin uygulanmasinda yararlanilmaktadir [14]. Yiik ve filo yonetim sistemleri i¢in Fidan vd.
[15] yaptiklar1 ¢alismada, filo yonetimi calisan araclarin organizasyonu ve koordinasyonudur. Giiglii filo yonetimi, is araglarin
tutmanin masrafin1 diistirmeye ve faydasii arttirmaya yardimci olabilecek bir etkendir. Cogunlukla bir aracin konumunu ve
mekanik bilgilerinin izlenmesinin yani sira bir dizi yerlesik sensor ve kablosuz veri toplamada faydalanarak siiriicii davraniginin
izlenmesinden olugur.

2.4. Toplu Tasima Sistemleri

Toplu Tagima Sistemleri, herhangi bir tagima firmasina ait olan tasit filosunun yonetiminin tam zamanli olarak, aracin mevcut
konumunu izlemesiyle destekleyen sistemleri icerir. Ara¢ izleme zemini GPS ve AVL (Auotomatic Vehicle Location ) ile
birlestirilmis olan tasitlar olusturmaktadir. Bir merkezi birime tagitin mevcut konumu hakkinda verileri ulasir ve burada gergek
konumu programlanan konum ile kiyaslamasi yapilmaktadir [13]. Elektronik bilet kullanimi giiniimiizde ¢ogu biiyiiksehir ve il
belediyeleri tarafindan toplu tagima igin kullamlan AUS uygulamalari arasinda yer almaktadir. Istanbul Biiyiiksehir
Belediyesi'nin 1995 yilinda hizmete sunulmus olan ve patenti IBB'ye ait olan Akbil, Tiirkiye'nin bu alandaki &ncii
uygulamalardan biri olarak kabul edilmektedir. Istanbul Biiyiiksehir Belediyesi'nin iizerinde ¢ahistigi bir diger proje olan
AkYolbil, filo takibi, yonlendirme ve yolcu bilgilendirme sistemidir. Bu proje sayesinde, toplu tagima araclarmin konumlarini
takip edilebilir, arac¢ icinde ve duraklarda bulunan kullanicilarin araglarin konumuyla ilgili bilgi alinmasi saglanabilmektedir.
Ayrica, gecmis trafik verileri kullanilarak kullanicilara bekledikleri aracin tahmini varig zamani hakkinda bilgi verilebilmekte ve
akilli duraklarda olan elektronik panolarda kullanicilar dogru zamanli ara¢ konumunu ulasabilmektedir [16].

Toplu tagima sistemleri i¢in Yardim ve Akyildiz [13] ¢alismalarinda, toplu tasima igletmesinin tasit filosunun yonetimi dogru
zamanli olarak, araglarin konumunu izleme amacini giiden sistemlerdir. AVL ve GPS teknolojisine sahip araglar, arag izleme
altyapisini olusturur. Arag-i¢i sensorler kullanma amaciyla ara¢ performans degiskenleri, lastik basinci, yag/yakit diizeyleri ve
rutin bakim gibi olaylart da elektronik sekilde bu sistemler araciligi ile denetlenebilir. AVL’nin kullanimida talebe karsilik veren
yonlendirmeyi ve programlamayi desteklemektedir. Toplu tasima birimleri, siradigi ulagim taleplerini karsilayabilmek amaciyla
arag durumu verileri ile ger¢ek zamanli ara¢ konumunu birlestirir. Qureshi ve Abdullah [9] yaptig1 ¢aligmada, toplu tagima
yOnetim sisteminin bir 6rnegi, arag takibinin temelini olusturan Otomatik Ara¢ Konumu (AVL) teknolojisidir. AVL, programa
baglilig1 kontrol etmek ve yolculara toplu tagima araglarinin konumuyla ilgili bilgi saglamak i¢in kullanilan bir aracin gercek
zamanli konumu hakkinda bilgi saglar. Toplu tagima yonetim sektoriinde AVL (otomatik ara¢ konumu), BRT(Otobiis Hizli
Transit), TAD (seyahat asistani1 cihazi) gibi ¢esitli yazilimlar konum ve toplu tasima siiresinin iyilestirilmesi ve giivenlik
operasyonlari i¢in ¢alismaktadir.
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2.5. Acil Durum Yonetim Sistemleri

Acil durum yonetim sistemleri, acil durum ekipleri, kurtarma gorevlileri ve diger ilgili paydaslarin birlikte ¢alisan herhangi
bir acil durum veya felaket durumunda hizli ve etkin bir sekilde yanit vermek icin kullanilan planlama, organizasyon,
koordinasyon ve iletisim sistemleri olarak tanimlanir. Bu sistemler genellikle acil durum planlamasi, uyari ve alarm sistemleri,
toplu iletisim araglari, kriz yonetimi ve koordinasyon araglar1 gibi bilesenleri igerir. Temel hedefi, acil durum durumlarinda hayat
kurtarmak, zararlar1 en aza indirmek ve olaylarin etkilerini azaltmaktr.

Acil durum y6netiminin li¢ ana unsuru bulundugu ifade edilmektedir: filo yonetimi, giizergah kilavuzluk hizmetleri ve acil
durum aract. Acil durum filo yonetimi, olay yerinde olusabilecek acil durum ekipmanlarin ve araglarin bilgisayar destekli akilli
sistemlerle donatilmasi olarak tanimlanir. Acil durum ekipmani ve araglarinin konum ve durum verilerinin dogru zamanl olarak
izlenebildigi ve bu nedenle acil durum araglarinin yonetilebileceginden bahsedilmektedir [13]. Acil durum yonetim sistemleri
icin Tufan [14] yaptig1 caligmada, karayollarinda olan acil miidahale edilmesi gerektiren olaylarin trafik kazalari basta olmak
iizere en kisa siirede tespit edilmesi ve gerekli geri bildirimlerin saglanmasi, bu durumunda trafik akiginin getirdigi olumsuz
etkileri hizhi bir sekilde ¢oziilmesiyle, hem can kaybmin Oniine gecilmesinde hem de maddi hasarin en aza indirilmesini
amaglayan sistem acil durum yonetim sistemi olmak {izere ve bu sisteme iliskin Tiirkiye’de yapilan birtakim c¢alismalar
mevcuttur.

2.6. Elektronik Odeme Sistemleri

Elektronik 6deme sistemleri, internet tabanli teknolojileri kullanarak mal ve hizmetlerin 6demesini otomatik olarak
gerceklestiren veya kayitlara geciren sistemlerdir. Bu sistemlere 6rnek olarak elektronik fon transferi (EFT), kredi kartlari, akillt
kartlar ve borg kartlar1 gosterilebilir. Elektronik iicret 6deme sistemlerine entegre edilen araglar, yol iizerine kurulmus o6zel
yazilim ve donanimlar araciligiyla tespiti yapilmaktadir. Tespiti ve iletisim siireci, tasitin kimlik verilerinin okunmasi,
dogrulanmasi ve hizmetin gergeklestirilmesi siireglerinden olugmaktadir. Bu asamalarda, kablolu ve kablosuz iletisim
teknolojilerinden faydalanilmaktadir. Gegis sirasinda aracin fotograflari, plaka veya kimlik verileri gibi ek veriler saglanarak,
kural ya da gecis ihlallerinin belirlenmesi ve gereken yaptirimlarin uygulanmasi saglanmaktadir [13]. Elektronik ddeme
sistemleri i¢cin Abdulkadir vd. [17] da yaptiklar1 caligmalarda; AUS, toplu tasimada ve otoyollarda 6denen iicretlerin alinmasinda
kolaylik sagladigini belirtmektedir. KGS, OGS ve arag igi 6deme sistemlerinin en bilindik drnekleridir. Bazi iilkelerde sikisiklik
oran1 fazla arag¢ (HOV: High-Occupancy Vehicle) seritleri, sikigiklik orani fazla tasit {icretlendirme seridi (HOT: High-
Occupancy Toll) ve kent merkezlerindeki sikisiklik fiyatlandirmasi da elektronik 6deme sistemleri igerisinde degerlendirilen
unsurlardandir. Yardim ve Akyildiz [13] calismalarinda, tilkemizde son yillarda niifus artistyla birlikte ara¢ sayisi artis hizida
artmis ve bu 6zellikle biiylik sehirlerde trafik sorunlariyla karsilasilma durumunu etkilemistir. Bu baglamda, zaman kaybinin
oniline gegmek ve hizli gegisin saglama amaciyla, 1999 yilinda Fatih Sultan Mehmet Kopriisii’'nde “Otomatik Gegis Sistemi
(OGS)” uygulamas1 gelmistir. Gliniimiizde ise, 49 licret toplama alaninda 129 seritte OGS kurularak kullanima hazirlanmustir.
Sistemde kayith kisi sayist 2004 yili basindan beri 300.000°i agmaktadir. OGS’ye ek olarak yeni bir 6deme sistemi olan, Kartlh
Gegis Sisteminin (KGS) uygulamast benimsenmektedir. KGS’de, OGS’deki aragta olan elektronik etiket yerine, 6zel, yaninda
taginabilir siirliciiler i¢in kartlar kullanilmaktadir. Otoyol’un Girisi ve ¢ikisinda bulunan istasyonlara kurulmus olan Kart
Okuyucu/Yazici cihazda bu kart yaklastirilip okutulur (kart okuma siiresi maksimum 0,5 sn.) ve gegis licreti 6demesi gise
memuruna gerek duyulmadan otomatik bir sekilde uygulanacaktir.

2.7.  Kisisel Emniyet ve Giivenlik Sistemleri

Kisisel emniyet ve giivenlik sistemleri, bireylerin korunma ihtiyacini karsilamak i¢in tasarlanmis teknolojik ¢oziimlerdir. Bu
sistemler, kisisel glivenligi artirirken acil durumlarda hizli miidahale ve yardim saglamayi1 amaglar. Giinliik hayatta ve riskli
durumlarda, bu sistemler bireylerin kendilerini giivende hissetmelerini saglar ve olasi tehlikelere karsi koruma saglar.

Kisisel emniyet ve giivenlik sistemleri, tehlike ve risk iceren durumlar tespit ederek tiim sistem kullanicilarimi uyarir.
Beklenmeyen rampalar, tehlike arz eden virajlar, riskli istgecitler ve dikkatle devam edilmesi gerekli karayolu-demiryolu
(hemzemin) gegitleri gibi risk igeren durumlar i¢in ikazda bulunur. Bu uyarilar yalnizca arag kullanicilart i¢in degil ayn1 zamanda
bisiklet siiriiciileri, yolcular, yayalar ve hatta yolda bulunan hayvanlar i¢in de gegerlidir [9]. EGM, Tiirkiye genelindeki
karayollarina TEDES kurulumu igin ¢aligmalarint siirdiirmektedir. Bununla birlikte, il merkezlerinde kurulan MOBESE sistemi
ile birlesik olarak emniyet ve giivenlik hizmetlerine de yardimci olmaktadir. Tiirkiye’de belediyeler tarafindan kurulmus olan
Elektronik Denetim Sistemi’ne (EDS) ek olarak, bu uygulamalarin sehirlerarasi karayollarima kurulmasinin ve kullaniminin
artmasini, “Karayolu Trafik Giivenligi Stratejisi ve Eylem Plan1” iginde ileri siiriilen planlar arasindadir .

3. Literatur Taramasi

AUS kapsaminda yapilan risk analizi ve SWOT analizi ¢aligmalar1 bu baslik altinda detaylandirilmaktadir. AUS igin risk
analizi yapan ¢aligmalar incelendiginde, Khan [18] ¢alismasinda, toplu tasimaya odaklanarak kentsel ulasimda Akilli Ulagim
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Sistemi uygulamalarimin risk analizi i¢in metodolojik bir ¢er¢eve sunmaktadir. AUS projelerinin belirsizlikler icerdiginden
yatirnm kararlarim1 risk analizine tabi tutmakta fayda oldugu belirtilerek c¢aligmada AUS yatirnmlarindaki risk
degerlendirilmektedir. Zhao vd. [19] calismalarinda AUS kullanimlari i¢in ara¢ ag sistemlerinde giivenligi alanindaki riskleri ve
Onerilen giivenlik ¢6ziimlerini incelemektedir. Qureshi ve Abdullah [9] calismasinda; AUS yiiksek kaza oranlari, trafik
sikigiklig1, karbon emisyonlar1 ve hava kirliligini azaltmada; diger bir yandan giivenligi, giivenirlik derecesini, seyahat hizlari,
memnun yolcu ve trafik akigini arttirmada biiyiik bir rol oynayabilecegini belirtmektedir. Krivolapova [20] caligmasinda AUS
projelerinin tanitimi sirasinda risk degerlendirmesi i¢in bir algoritma Onermektedir. Sabaliauskaite vd. [21] calismalarinda
Isbirlik¢i AUS’nin giivenlik ve siber saldir1 risklerinin analizini ele almaktadir. Kelarestaghi vd. [22] calismasinda, arag i¢i ag
giivenlik agiklarinin etkilerini incelemeye c¢alismakta ve arag ici ag1 tehlikeye atan bir saldirinin olasi sonuglarini inceleyerek
AUS giivenligi ve esnekligi ele alinmaktadir. Bu kapsamda, etki odakli risk degerlendirmesi yoluyla AUS giivenligine iligkin
gelismekte olan ancak biiyliyen literatiire katkida bulunmak amaglamaktadir. Krundyshev ve Kalinin [23] ¢alismalarinda, akilli
ag ortamindaki giivenlik riski analizini ele almaktadir. Avcr ve Koca [24] ¢alismasinda, akilli rayli sistemlerde ulagim giivenligi
acisindan Analitik Hiyerarsik Siire¢ (AHP) performans kriterleri ile birlikte risk analizini 10 farkli uzmanin goriisleri dikkate
aliarak incelemektedir.

JaraStniene [25] caligmasinda, Litvanya icin AUS’nin SWOT analizini degerlendirmistir. AUS igin insanlarin vakit,
hareketlilik, saglik vb agilardan 6nemli kayiplar saglanacagini belirterek sosyal sorunlarin ele almmmasi gerektiginden
bahsetmistir. Farkli ulasim modlarin1 entegre kullanimi erisilebilirligi, hareketlilik, trafik ve cevre giivenligini arttiracagini
belirtmistir. Ilgili bolgesel ve yerel programlarla birlikte hiikiimete ait uzun vadeli bir AUS gelistirme programi yapilmas: ve
gelisimi i¢in bir vizyonun olusturulmasi gerektigini dile getirmistir. Mitsakis ve Iordanopoulos [26] ¢alismasinda, Gilineydogu
Avrupa'daki ilkeler icin AUS’nin SWOT analizi ile degerlendirilmesini ele almaktadir. Genel degerlendirme ile ulastirma
sektoriinde kullanilan teknolojilerin gelistirilmesi ve uygulanmasi amaciyla bir arastirma gelistirme taahhiidiiniin bulunmasi
stirekli gelisen AUS’ne katki saglamaktadir. Karayolu tagimaciliginin etkin bir role sahip olmasi nedeniyle verimliligin ve
karayolu ag giivenligini artirmaya yonelik stratejiler alinmistir. Ar-Ge faaliyetlerine katki saglamak, egitimli insan giicii sayisini
arttirmak gibi hedefler firsat faktorleri icinde degerlendirilebilir. Cesitli diizeylerde birlikte calisabilirligi saglamak igin
standartlarin gerekli oldugunu belirtmektedir. Agirlikli olarak geleneksel pazara odaklanmak, ulusal eylem planini uygulamada
eksik kalinmasi ve finansman karar vericilerin (hiikiimet, devlet sirketleri), sik sik degismesinden dolayi siirecin devamliligini
etkilemesi AUS stratejilerini olumsuz etkilemektedir. Namugenyi vd. [27] calismasinda, IPM (Birlesik Zararli Organizma
Denetimi) baglaminda nakliye isinin giicii icin karayolu, demiryolu, hava ve hatta deniz yoluyla oncelikli giizergahlara sahip
tagima sistemlerini devreye sokulmasi gerektiginden bahsetmistir. Calismasinda, ekonomik yaptirimlar, siyasi istikrarsizlik gibi
nedenler tagimacilik isletmelerine yonelik tehditler olarak belirtmektedir. Yatirimcilardan finansman agisindan fayda
saglanabilmesini arttirmak i¢in iyi planlanmis ve analiz edilmis bir AUS stratejisi gelistirilmesi ve mevcut Avrupa yasal
diizenlemelerinin entegre sistemler i¢in takip edilmesinin 6nemli oldugunu vurgulamaktadir.

4. Method

Bu kisimda ¢aligmanin akist ve kullanilan metotlar tanitilmaktadir. Calismada uzman goriisleri toplanarak ve SWOT Analizi
ve L tipi Risk Analizi yontemleri kullanilmaktadir.

4.1. Uzman Goriislerinin Toplanmasi

Uzmanlar, sektordeki deneyimleri, akademik geg¢misleri ve konuya iliskin uzmanliklari g6z Oniinde bulundurularak
secilmistir. Uzmanlar, kendi alanlarinda uzmanhgiyla projenin farkli yonlerini degerlendirerek, SWOT analizine ve Risk
Analizine 6nemli bir katki saglamaktadir. Uzmanlarin analiz, strateji gelistirme, raporlama ve danmigmanlik gibi goérevler
iistlendigi goriilmektedir. Asagida uzmanlar hakkinda kisa bilgiler verilmistir:

e Uzman 1 (Ul): Ogretim Uyesi olan uzman, analizlerde ve strateji gelistirme siireclerinde liderlik yapmaktadir.
Alanindaki derin bilgisiyle, projenin giiglii ve zayif yonlerini belirlemekte dnemli bir rol oynamaktadir.

e Uzman 2 (U2): Ogretim Eleman1 olan uzman, akademik arastirmalardaki deneyimiyle projenin akademik boyutunu
giiclendirmektedir. Mevcut literatiirii analiz ederek, projeye degerli bir bakis acis1 sunmaktadir.

e Uzman 3 (U3): Ogretim Uyesi olan uzman, strateji gelistirme siirecindeki tecriibesiyle projenin stratejik
yonlendirmesine katkida bulunmaktadir. Alanindaki bilgi birikimiyle, projenin basarili bir sekilde yiiriitiilmesine
yardimc1 olmaktadir.

e Uzman 4 (U4): Servis mithendisi olan uzman, AUS alaninda uluslararasi dergide makale yayinlamistir. Bu alandaki
bilgi ve engin deneyimlerine bagvurulmustur.

e Uzman 5 (U5): Ogretim Uyesi olan uzman, ulastirma alanindaki uzmanhigiyla ¢alismanin degerlendirmektedir.
Ulastirma sektoriindeki deneyimiyle, projenin sektorel etkilerini degerlendirmektedir.

e Uzman 6 (U6): Ogretim Uyesi olan uzman, endiistri miihendisligi alanindaki uzmanlhigiyla projenin endiistriyel
boyutunu giiglendirmektedir. Endiistriyel siiregler ve stratejiler konusundaki bilgisiyle, projenin is diinyasindaki
etkilerini degerlendirmektedir.
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e Uzman 7 (U7): Ogretim Uyesi olan uzman, endiistri miihendisligi alanindaki derin bilgisiyle projenin endiistriyel
stireclerini analiz etmekte ve stratejiler gelistirmekte dnemli bir rol oynamaktadir.

4.2. SWOT Analizi

SWOT Analizi, bir organizasyon, bir plan, bir proje, bir kisi veya bir is faaliyetinde bulunan 'giiclii yonleri', 'zayif yonleri',
'firsatlart' ve 'tehditleri' degerlendirme amaciyla uygulanan bir analiz yontemidir [27]. SWOT Matrisi olarak da bilinir ve stratejik
planlama icin siklikla kullanilan bir yontemdir [28].

Calismada SWOT Analizi kullanilarak AUS servislerinin degerlendirilmesi gerceklestirilmektedir. Veriler yedi farkli
uzmandan yapilandirilmis anket yontemiyle toplanlamaktadir. SWOT Analizi ile birlikte yolcu ve siiriicii bilgilendirme
sistemleri, trafik yonetim sistemleri, ylik ve filo yonetim sistemleri, toplu tasima sistemleri, acil durum yonetim sistemleri,
elektronik 6deme sistemleri ve kisisel emniyet ve giivenlik sistemlerinin degerlendirilmesi saglanmaktadir.

4.3. Risk Analizi

L tipi matris yonteminde elde edilen risk skorlarinin kategorize edilmesi gerceklestirilmektedir. Tablo 1’de olasilik siddet
bileskeleri verilmistir. Tablo 1’deki kirmizi alanlar ciddi/onemli riskleri, sar1 alanlar orta diizey riskleri ve yesil alanlar diisiik
diizeydeki riskleri tanimlamaktadir. Risk analizi, her bir riskin olasili1 ve etkisi {izerinden hesaplanmistir. Olasilik ve etki, 1 ile
5 arasinda bir puanlama sistemiyle degerlendirilmis, 1 en diisiik, 5 ise en yiiksek olasilik veya etkiyi temsil etmektedir. Risk
skoru su formiille hesaplanmistir: Risk Skoru = Olasilik x Etki [29]. L tipi risk matrisinin kullanim amaci, risklerin daha
sistematik bir sekilde degerlendirilmesi ve Onceliklendirilmesidir. Bu matris, yoneticilerin hangi risklere dncelik vermeleri
gerektigini, hangi risklerin kritik oldugunu ve hangi risklere yonelik daha az dikkat gosterilmesi gerektigini belirlemelerine
yardimer olur. Olasilik ve etki arasindaki iligkiyi gorsel olarak sunarak, organizasyonlarin riskleri daha etkili bir sekilde
yonetmelerini saglar. Matrisin kullanimi, risklerin organizasyonel hedefler {izerindeki potansiyel etkilerini minimize etmeye
yonelik stratejilerin gelistirilmesinde kritik bir rol oynar.

Tablo 1. Olasihik/ Siddet Bileskeleri

Siddet / Etki (S)
Olasilik (O) 5 4 3 2 1
Cok Ciddi Ciddi Orta Hafif Cok Hafif

5 Cok Yiiksek 10 5
4 Yiiksek 12 8 4
3 Orta 12 9 6 3
2 Diisiik 10 8 6 4 2
1 Cok Diisiik 5 4 3 2 1

Calismada, SWOT (Giiglii Yonler, Zayif Yonler, Firsatlar, Tehditler) Analizi sonuglart ile alanindaki uzmanlarin goriisleri
birlestirilerek, organizasyonun zayif yonleri ve karsilasabilecegi potansiyel tehditler {izerine kapsamli bir Risk Analizi
yapilmaktadir. SWOT Analizi, organizasyonel performansin degerlendirilmesi ve stratejik yonelimlerin belirlenmesi acisindan
onemli bir aragtir. Ancak, yalnizca SWOT'tan elde edilen verilerle risklerin dogru bir sekilde analiz edilmesi miimkiin
olmayabilir. Bu nedenle, uzman goriisleri ile desteklenen bir yaklasim benimsenerek, zayif yonlerin ve tehditlerin olasi etkileri
daha objektif ve derinlemesine bir sekilde incelenmektedir. Risk Analizi siirecinde, bu unsurlarin organizasyon iizerindeki
potansiyel olumsuz etkileri degerlendirilmekte ve bunlara karsi alinabilecek onlemler ile stratejik ¢éziimler dnerilmektedir. Bu
entegre yaklagim, hem teorik hem de pratik agilardan giiclii bir risk yonetimi stratejisinin olusturulmasina olanak saglamaktadir.

5. Uygulama
5.1.  Akilh Ulasim Sistemleri icin SWOT Analizi Uygulamasi

Caligmanin bu asamasmda detayli literatlir incelemeleri ve uzman goriisleri alinarak AUS sistemleri icin SWOT Analizi
gerceklestirilmigtir. Ayrica, T.C. Ulastirma ve Altyapr Bakanligi tarafindan yayinlanan Ulusal AUS Strateji Belgesi ve 2020-
2023 Eylem Plan1 kapsaminda AUS i¢in SWOT Analizi belgesi de dikkate alinmistir.

Giiclii Yonler

e Yiik ve filo yonetim sistemlerinin mobiliteyi ve miisteri degerini iyilestirmesi.
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Yiik yonetimi sistemi, tasiyici ve isletmeler arasi operasyonlari gelistirerek ulasim sisteminin daha zamaninda
igletilmesi ve tedarigini saglamasi.

Biiyiik araglarin altyapiya verdigi zararin azaltilmasi.

Toplu tagima y6netim sistemlerinin isletme verimliligini saglamasi.

Trafik kurallarinin ihlallerinin 6niine gegmesi.

Hareketlilik, diisiik isletme maliyetleri, diisiik enerji tiiketimi

Zayif Yonler

Firsatlar

Zayif altyapi sistemlerinin kullanilmasi (ZRS 1).

Otoyol sisteminde kullanilan (GPS, dongii kameralari, sabit sensorle vb.) teknolojilerin yiiksek maliyet barindirmasi
(ZRS 2).

Otoyol sisteminde kullanilan teknolojilerin bakim sorunu (ZRS 3).

Otoyol sisteminde kullanilan teknolojilerin sinirli kapsama alani sorunlaria sahip olmasi (ZRS 4).

AUS uygulamalar altinda olan trafik sinyalizasyon hesab1 eksikligi (ZRS 5).

Sistem kullanicilarinin internet baglantisi erisimi problemi (ZRS 6).

Ulusal AUS mimarisinin ve AUS ile iligkili standartlarin tam olarak saptanamamasi (ZRS 7).

Toplu tasima sisteminin diger ulasim servisleri ile entegrasyonunun yeterli olmamasi (ZRS 8).

Ulasima ait veri toplanmasi ve paylasiminda paydaslar arasinda yasanan koordinasyonun yeterli olmamasi (ZRS 9).
AUS konusunda uzmanlagmis insan kaynagi a¢iginin bulunmasi (ZRS 10).

Olasi yazilim ve ag hatasi sonucu sistemin bozulma ihtimali (ZRS 11).

Yiik yonetim sistemlerinin trafik sikigikligini, kirliligi, giiriiltiiyli ve enerji kaygilarini azaltmasi.

Toplu tagima yonetim sistemlerinin, yolcunun emniyetini, ger¢ek zamanli bilgilere ulagimimi saglayarak hizmet
giivenirligini arttirmasi.

Is giicii tasarrufuna imkan vermesi.

Yakit ve karbondioksit (CO2) tiikketimini azaltmasi.

Ekonomik biiyiime ve geligmeye katki saglamasi.

Tiim paydaslara herhangi bir degisikligin aninda bildirilmesi.

Tehditler

Artan niifus artisinin arter ve trafik sikisikligina neden olmasi (TRS 1)

Uluslararast AUS platformunda aktifligin diisiik olmas1 (TRS 2).

Sahada kullanilan AUS servis materyallerinin (dedektér, MOBESE, kamera vb.) kotii hava sartlarinda zarar gérmesi
(TRS 3).

Akilli teknolojik tiriinlerinin kullaniminda giivenlik agiklarinin olmasi riski (TRS 4).

Bir dizi teknolojinin otomasyonu ile baglantili olarak issizlik seviyesinde potansiyel artis (TRS 5).

AUS’un dis unsurlarina yonelik fiziksel etki ve hasar tehdidi (TRS 6).

Veri veya sinyal kaybina yatkin olmasi (TRS 7).

Avrupa'daki AUS gelismelerinin ¢ok hizli olmasi ve yerel devlet kullanicilarinin teknolojik degisikliklere uyum
saglayamamasi (TRS 8).

AUS igin gerekli olan altyap1 yatirnm maliyetlerinin yiiksek olmasi (TRS 9).

AUS ¢o6ziimlerinde kullanilan tiriinlerde yerlilik ve millilik oraninin az olmasi (TRS 10).

Kiiresellesme ve artan uluslararasi rekabet (TRS 11).

Risk Analizi Uygulamasi

Bu c¢alismada uzman gorisleri alinarak SWOT analizinden elde edilen zayif yonler ve tehditler ic¢in risk analizi
gerceklestirilmektedir. Belirlenmis konularda uzmanliga sahip yedi kisiden alinan verilerle risk analizi ger¢eklestirilmektedir.

Incelenen zayif yonlerin uzman gériisleri ve risk skoru ortalamalari Tablo 2°deki ve Tablo 3’deki gibidir. Tablo 2’de ve Tablo
3’de Uzmanlar Ul’den U7’ye, Zayif Yonler ZRS 1’den ZRS 11°e kadar isimlendirilmektedir. Olasilik degerli O, Siddet degerleri
S olarak ifade edilmektedir. ZRS 10 — Uzman insan Kaynag1 Eksikligi riskinin yiiksek olmasmin nedeni AUS sistemlerinin
planlama, uygulama ve siirdiiriilebilirliginde teknik uzmanlik kritik rol oynamasidir. Egitimli personelin eksikligi; yazilim
hatalari, sistem ¢okmeleri ve verimsiz operasyonlar gibi dogrudan riskleri artirir. Bu nedenle, insan kaynagi eksikligi stratejik
diizeyde bir zafiyet olusturmaktadir.
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Tablo 2. Zayif Yonler icin Uzman Gériisleri

U1 U2 U3 U4 US U6 u7
o/S o S 0) S o S o S o S 0) S 0) S
ZRS 1 5 4 4 3 5 4 2 2 4 4 3 3 4 4
ZRS 2 4 4 3 2 4 4 3 3 3 3 3 3 4 3
ZRS 3 4 4 4 4 4 4 2 2 4 4 2 2 2 2
ZRS 4 3 4 4 3 3 3 2 2 2 2 3 3 3 2
ZRS 5 5 5 5 5 2 2 3 2 4 5 3 3 2 2
ZRS 6 5 4 1 2 2 2 3 3 3 4 2 2 2 3
ZRS 7 3 3 4 4 2 2 5 3 1 2 4 4 2 2
ZRS 8 4 3 5 5 4 4 5 5 2 3 3 3 4 3
ZRS 9 5 3 5 5 4 4 5 5 4 4 2 2 3 2
ZRS 10 4 4 4 3 4 3 5 5 5 5 2 2 4 3
ZRS 11 5 5 2 4 3 4 4 4 4 1 3 3 3 3
Tablo 3. Zayif Yonler icin Risk Skorlari
Zayif Yonler Ul U2 U3 U4 U5 U6 U7 Risk Skor Ort.
ZRS 1 20 12 20 4 16 9 16 13,86
ZRS 2 16 6 16 9 9 9 12 11
ZRS 3 16 16 16 4 16 4 4 10,86
ZRS 4 12 12 9 4 4 9 6 8
ZRS 5 25 25 4 6 20 9 4 13,29
ZRS 6 20 2 4 9 12 4 6 8,14
ZRS 7 9 16 4 15 2 16 4 9,43
ZRS 8 12 25 16 25 6 9 12 15
ZRS 9 15 25 16 25 16 4 6 15,29
ZRS 10 16 12 12 25 25 4 12 19
ZRS 11 25 8 12 16 4 9 9 11,86

Zay1f Yonler i¢in yapilan uzman degerlendirmeleri sonucunda olusturual Box-Plot grafigi Sekil 1°deki gibidir. ZRS 5, ZRS 9
ve ZRS 8 risklerinin genis bir araliga sahip oldugu goriilmektedir. Bu riskler disindaki riskler i¢cin uzmanlarin daha benzer
kararlar aldig1 goriilmektedir. ZRS 5 — Trafik Sinyalizasyon Eksikligi riskinin uzmanlarin bir kismi tarafindan etkisini “cok
yiiksek” (25) olarak degerlendirirken, diger kismi “diisiik” (4) olarak belirtmistir. Bu durum, uygulamada sinyalizasyon
sistemlerinin farkli sehirlerde farkli diizeyde olmasindan kaynaklanabilir.

Data

Boxplot of ZRS 1; ZRS 2; ZRS 3; ZRS 4; ZRS 5; ZRS 6; ZRS 7; ZRS §; ...
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Sekil 1. Zayif Yonler icin Box-Plot Grafigi
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Incelenen tehdit yonlerinin uzman goriisleri ve risk skoru ortalamalar1 Tablo 4 ve Tablo 5’deki gibidir. Tablo 4’de ve Tablo
5’de Uzmanlar Ul’den U7’ye, Zayif Yonler TRS 1’den TRS 11°e kadar isimlendirilmektedir. Olasilik degerli O, Siddet degerleri
S olarak ifade edilmektedir. TRS 4 — Giivenlik Aciklar riskinin yiiksek ¢ikmasi sebebi veri giivenliginin saglanamamasi, AUS
sistemlerini siber saldirilara agik hale getirerek ulagim sisteminin giivenilirligini zedelemesidir. Trafik sinyal sistemlerine
yapilacak bir saldiri, trafik kazalarina, yonlendirme hatalarina ve kamu giivenliginin zedelenmesine neden olabilir. Bu nedenle,
giivenlik aciklari kritik tehdit olarak degerlendirilmistir.

Tablo 4. Tehdit Yanlari icin Uzman Gériisleri

Ul U2 U3 U4 U5 U6 u7
0/S (0] S (0] S (0] S (0] S (0] S o S o S
TRS 1 5 5 2 2 3 3 3 3 3 1 3 3 3 2
TRS 2 1 2 3 3 3 3 5 5 4 3 2 2 3 1
TRS 3 5 5 2 2 3 2 3 3 5 5 2 2 2 3
TRS 4 5 5 3 4 3 2 4 4 4 5 4 4 3 3
TRS S 3 2 2 3 4 4 3 3 2 2 2 2 2 1
TRS 6 4 3 2 2 3 3 3 3 2 3 3 3 2 3
TRS 7 5 5 4 4 3 3 3 3 3 4 3 3 2 2
TRS 8 2 2 4 4 4 4 3 3 1 2 3 3 2 1
TRS 9 4 4 5 4 4 4 3 3 4 4 3 3 3 2
TRS 10 1 2 1 1 4 3 5 5 1 1 2 2 1 1
TRS 11 3 2 3 3 4 4 4 4 2 2 3 3 1 1
Tablo 5. Tehdit Yanlari icin Risk Skorlar:
Tehditler U1 U2 U3 U4 US Ué6 u7 Risk Skor Ort.
TRS 1 25 4 9 9 3 9 6 9,28
TRS 2 2 9 9 25 12 4 3 9.14
TRS 3 25 4 6 9 25 4 6 11,28
TRS 4 25 12 6 16 20 16 9 17,85
TRS 5 6 6 16 9 4 4 2 6,71
TRS 6 12 4 9 9 6 9 6 7,85
TRS 7 25 16 9 9 12 9 4 12
TRS 8 4 16 16 9 2 9 2 7
TRS 9 16 20 16 9 16 9 6 13,14
TRS 10 2 1 12 25 1 4 1 6,57
TRS 11 6 9 16 16 4 9 1 8,71

Tehditler i¢in yapilan uzman degerlendirmeleri sonucunda olusturual Box-Plot grafigi Sekil 2’deki gibidir. TRS 3 disindaki
risklerin uzmanlar tarafindan benzer degerler aldig1 goriilmektedir. Ornegin, TRS 7 — Veri/Sinyal Kayb1 Riski: Sinyal kaybu,
gercek zamanl bilgi akisini kesintiye ugratarak hem yolcu giivenligi hem de trafik yonetimi iizerinde dogrudan etki yaratir.
Uzmanlarin ¢ogu bu riski yiliksek puanlamis ve bu maddede gérece daha az goriis ayrilig1 olmustur.

Boxplot of TRS 1; TRS 2; TRS 3; TRS 4, TRS 5, TRS 6; TRS 7; TRS &; ...
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Risk Analizi tablosu dikkate alinarak 8 ve iizeri ¢ikan orta diizeyli ve yiiksek diizeyli riskli durumlar i¢in incelemeler
saglanmis ve alinabilecek onlemler siralanmigtir

Tablo 6’da Risk Skoruyiiksek ¢ikan zayif yonler ve alinabilecek dnlemler siralanmistir.

Tablo 6. Zayif Yonler icin Alinabilecek Onlemler

Riskler icin Alinabilecek Onlemler

ZRS 1

ZRS 2

ZRS 3

ZRS 4

ZRS 5

ZRS 6
ZRS 7

ZRS 8

ZRS 9

ZRS
10
ZRS
11

Ulasim altyapisini mevcut metro veya tren hatlarina ekleme yaparak veya diger ulasim modlariyla birlestirerek
giiclendirebilir, zayif altyapr sistemlerini yenilemek ve daha verimli hale getirmek i¢in kamu ve 6zel sektoriin isbirligi
araciligiyla yeterli finansmaninin saglanmasi zayif altyapi sistemlerini giiglendirmeye faydali olabilir.

Teknolojilerin yiiksek maliyet barindirmasi, bu teknolojilerin kullanilmasi yiiksek maliyet barindirsada otoyol
giivenligi, trafik akis1 verimliligi gibi faktorlerin uzun vadeli elde edilmesine olanak saglamaktadir.Yazilimin ve
ekipmanlarin millik oranini gerekli egitimler vererek arttirilabilir.

Farkli hizmet saglayicilarin ekipman ve altyapilarini paylasarak, maliyetleri diisiirebiliriz. Ornegin, bir kamera ag
hem trafik yonetimi hem de giivenlik amagli kullanilabilir.

Yerel kaynaklarin kullanilmasi, maliyetleri diisiirebilir. Ornegin, yerel sensor iireticileriyle isbirligi yaparak maliyetleri
azaltabiliriz.

Akilli sensorler ve izleme sistemleriyle ekipmanlarin uzaktan izlenmesi ve teshisi, bakim siireglerini optimize edebilir.
Bu sayede gereksiz bakim ziyaretleri dnlenerek maliyetler diisiirtilebilir.

Veri analitigi ve yapay zeka gibi teknolojiler kullanilarak ekipmanlardaki potansiyel arizalar Onceden tahmin
edilebilir. Bu sayede planli bakim islemleri gerceklestirilerek sistem kesintileri en aza indirgenir.

IoT mimarisiyle internet erisimine gereksinim duymadan herhangi bir yerden elde edilen veriye erisim imkani
sunulmasini ayni zamanda bir¢ok zorlugu ortadan kaldirilmasini ve sensorler araciligiyla elde ettigi verilerin internete
aktarilmasi sayesinde gerceklestirmistir .Bu sayede sensor araciligiyla alinan bir veri internette bulut bilisim icinde
korunarak uzaktan analiz imkani tanimaktadir.

Sinyalizasyon hesaplamalarinin diger ulasim modlariyla entegre edilerek yapilmasi saglanabilir. Adaptif trafik kontrol
sistemleri trafik yogunlugunu anlik izleyerek algilayict ve sensorler ile otomatik olarak yogunluk tarafa gegis
iistlinliigli verilmesini saglar.Hizli sekilde yanit vermesi ve dinamik bir sekilde trafigi izlemesi sayesinde uygulanmasi
¢ozlim niteliginde olmaktadir. ¢aligmasinda, Sinyal optimizasyonu hakkindaki ¢alismalarda “adaptif sinyal yonetimi”
gelismis bir teknik oldugunu belirtmektedir ve iilkemizde de son zamanlarda bu konu hakkinda 6nemli atilimlarin
yapildigin belirtmistir.

Internet erigimi kesilmesi durumunda yerel olarak verilerin saklanmasi ve daha sonra senkronize edilmesi saglanabilir.
Ulusal diizeyde AUS igin standartlar ve kilavuzlar gelistirilerek, sistemlerin daha tutarli ve uyumlu bir sekilde
tasarlanmasina olanak saglanabilir.

Ulusal AUS mimarisi ve standartlar1 siirekli olarak degerlendirilmeli ve giincellenmelidir. Teknolojik gelismeler ve
sektordeki degisiklikler g6z 6niinde bulundurularak, standartlar ve mimari siirekli olarak revize edilmelidir.

Farkli ulasim modlarini tek bir platformda entegre ederek, kullanicilarin kolayca farkli ulagim segenekleri arasinda
gecis yapmasini saglayan entegrasyon platformlari olusturulabilir. Bu platformlar, bilet satin alma, rota planlama ve
seyahat bilgilerini entegre edebilir.

Akilli telefon uygulamalar1 ve diger teknolojiler kullanilarak, kullanicilara gergek zamanli ulasim bilgileri, rota
planlama ve bilet satin alma gibi hizmetler sunulabilir.

Kullanicilart farkli ulasim modlarini kullanmaya tesvik etmek i¢in kampanyalar diizenlenebilir, 6zel indirimler veya
avantajlar sunulabilir.

Veri paylasim protokelleri olusturma.

Acik veri politikalar1 ve uygulamalari.

AUS alaninda staj ve uygulamali egitim.

AUS konusunda egitim programlar1 ve kurslar diizenleyerek uzmanlagmig insan kaynagi elde edilebilir.

Yedekleme kurtarma sistemi kullanilarak verilerin islenmesi bulut tabanli yedekleme sistemleri kullanilabilir.

Sistem de veri sifreleme teknolojileri kullanilarak dig saldirilarin engellenmesini saglayabilir.

Tablo 7°de Risk Skoru yiiksek ¢ikan tehditler ve alinabilecek 6nlemler siralanmustir.
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Tablo 7. Tehdit Yanlari icin Alinabilecek Onlemler

Riskler i¢cin Alinabilecek Onlemler

TRS 1 Trafigi izlemek ve yonetmek i¢in sensorler, kameralar ve veri analizi kullanarak trafik akigini optimize eden
sistemler kurulabilir. Bu sistemler, trafik yogunlugunu azaltabilir ve seyahat siirelerini kisaltabilir.

TRS 2 Farkindalik egitimleri

TRS 3 Dayanakaili ve su gegirmez tasarim.
Montaj ve yer se¢imi.

TRS 4 Diizenli denetim yapilmasi [30].
Ag saldir tespit sistemlerinin kullanilmasi [30].

TRS 6 Tesislere giris ve ¢ikislar1 kontrol altinda tutmak icin fiziksel erisim kontrolleri uygulanabilir. Bu, yetkisiz

kisilerin sisteme fiziksel olarak zarar vermesini engelleyebilir.
Periyodik giivenlik denetimleri yapilabilir.

TRS 7 Sinyal giiglendirme ve amplifikasyon.
Acil durum planlar1 ve geri kurtarma stratejileri. Yedekli veri ve sinyal yollar1.
TRS 9 Ortak yatirimlar ve igbirlikleri. Hibe ve tesviklerden yararlanma.

Fazla ve gereksiz ihtiyaci azaltma.
Altyapi1 paylagimi ve kiralama.
TRS 11 AUS’nin standartlastirilmasi

6. Sonugclar

Hizli niifus artigi, alternatif yakitlara olan ihtiyacin artmasi, zayif altyapi, gevreyi etkileyen zararli gazlar vb etkileri azaltmak
icin AUS ve servisleri gelistirilmistir. AUS servislerinin genel amacina baktigimizda ulasimi yolcular, yayalar, siiriicli i¢in daha
giivenli ve konforlu hale getirmektir. AUS servisleri teknolojiyle ve 6zellikle biiyilik sehirlerde duyulan ihtiyag ile birlikte
biiytimekte ve gelismektedir. AUS servisleri kullanimi ile daha emniyetli yolculuk, kaza ve Sliim oranlarinda azalma, enerji
verimliligi ve iilke ekonomisine katki saglamaktadir. Yolcu ve siiriicii bilgilendirme sistemleri altyapi-arag, arag-ara¢ ag
baglantilarinin tek bir merkezde ger¢cek zamanli verilerin toplanmasinda bu verilerin beklenen veya beklenmeyen trafik
sikigikliklarinda bilgi vermesi, en uygun rotay siiriiclilere saglamasi, yolcularin trafikte kaybettigi siireyi minimize etmesi, kaza
oranini minimize etmesine 6nemli 6l¢lide etkilemektedir. Elektronik 6deme sistemlerinin kullanimui ile trafikte harcanan siirede
ciddi gelismeler goriilmiistiir. Akilli kavsaklar, EGS, HGS, KGS, OGS teknolojileri ile elektronik ortamlarda para transferinin
gerceklesebilmesi, mobiletinin artmasi agisindan yolculara en etkin ve hizli hizmet verilmesi saglanmaktadir. Acil durum
yonetim sistemlerinin temel amacina baktigimizda kaza veya acil durum olaylarinda olaya miidahale siiresini en aza indirerek
yaralanma ve 0liim oranini diisirmektir.

AUS’nin genel ve yonli degerlendirdigimizde uygulamada karsimiza bazi problem ¢ikmaktadir. Bu galisma, Akilli Ulagim
Sistemleri (AUS) iizerine yapilan SWOT analizi ve risk degerlendirmeleri ile AUS uygulamalarmin giiglii ve zayif yonlerini,
firsatlarim1 ve tehditlerini ortaya koymustur. AUS servislerinin amaci, ulasimi daha giivenli, verimli ve ¢evre dostu hale
getirmektir. Caligmanin sonuglari, AUS'in gelistirilmesiyle elde edilen olumlu etkileri ve karsilagilan zorluklar1 vurgulamaktadir.

AUS'in giiglii yonleri arasinda, dzellikle yiik ve filo yonetim sistemlerinin, trafik akisini iyilestirmesi, araglarin ve altyapilarin
zarar gérmesini en aza indirmesi, ve diisiik enerji tiiketimi gibi faktdrler bulunmaktadir. Toplu tasima yonetim sistemlerinin
verimliligi artirmasi ve trafik kurallarinin ihlallerini engellemesi de 6nemli avantajlar arasinda yer almaktadir. Ancak, zayif
yonler de belirlenmis olup, bunlar arasinda zayif altyapi, yiiksek teknoloji maliyetleri ve smurli sistem kapsama alani gibi
unsurlar 6n plana ¢ikmaktadir. Bunlari yani sira, uzman goriislerine dayali yapilan risk analizleri, ¢esitli zayif yonlerin énemli
riskler tasidigini ortaya koymustur. Risk analizi sonucunda, zayif yonlerden kaynaklanan risklerin, altyap: eksikliklerinden (ZRS
1), entegrasyon ve koordinasyon yetersizligine (ZRS 8, ZRS 9), AUS konusunda uzmanlagmis insan kaynagi aciginin bulunmasi
(ZRS 10) kadar gesitli alanlarda yogunlagtigi gézlemlenmistir. Ayrica, tehditler kisminda, altyapr maliyetlerinin yiiksek olmast
(TRS 9), veri ve sinyal kayb1 riski (TRS 7), ve giivenlik agiklar1 (TRS 4) gibi tehditler, AUS'in verimli ve giivenli bir sekilde
islemesi i¢in 6nemli engeller teskil etmektedir. Bu tehditlere kargi alinmasi gereken onlemler arasinda, acil durum ydnetim
sistemlerinin gelistirilmesi, altyap1 paylasimlarinin tegvik edilmesi, ve giivenlik protokollerinin sikilagtirilmasit dnerilmistir.

Bu bulgular, AUS uygulamalarinin daha verimli ve siirdiiriilebilir bir sekilde yonetilmesi ic¢in belirli onceliklerin
belirlenmesine olanak tanimaktadir. Altyapt ve Teknoloji Yatirimlari: Zayif altyapmin iyilestirilmesi ve teknolojilerin
yerellestirilmesi, AUS servislerinin uzun vadeli basarisi i¢in kritik dneme sahiptir. Yerel iireticilerle igbirlikleri ve maliyet
paylasimi, bu alandaki ekonomik engelleri asmak i¢in dnerilmektedir. Insan Kaynag1 Gelisimi: AUS alaninda uzmanlasmis insan
kaynagi eksikliklerinin giderilmesi amaciyla, egitim ve uygulamali staj programlari gelistirilmelidir. Risk Yo6netimi ve Giivenlik
Protokollerinin Giiglendirilmesi: Akilli ulagim sistemlerinde giivenlik aciklari ciddi bir tehdit olusturabilir. Bu nedenle, giivenlik
onlemleri ve veri sifreleme teknolojilerinin kullanimi biiyiik 6nem tasimaktadir. intermodal Entegrasyon ve Veri Paylagimu:
Ulagim sistemlerinin entegrasyonu, daha verimli ve kullanici dostu bir AUS hizmeti sunulmasini saglayacaktir. Bu, 6zellikle
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toplu tagima ve bireysel ulasim modlar1 arasindaki gecisi kolaylastiracaktir. Uygulayicilar ve karar vericiler i¢in verilen bu
oOneriler ile uygulama alanlar1 genisletilebilir.

Sonug olarak, bu ¢alisma, AUS'in giiclendirilmesi, zayif yonlerinin giderilmesi ve tehditlerin minimize edilmesi igin gerekli
Onlemleri ortaya koymus ve bu alandaki gelecekteki calismalar i¢in 6nemli bir temel olusturmustur.
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Abstract

Today, rapid population growth, industrialization, and energy consumption cause a serious increase in global greenhouse gas (GHG)
emissions. This increase poses significant threats to environmental sustainability, human health, and ecosystem balance. This study aims to
examine Tirkiye's greenhouse gas emissions for the period 1990-2021 based on energy, industrial processes and product use (IPPU),
agriculture, and waste sectors; to make forward-looking estimates for CO2, CHa4, and N2O gases, and to analyze the risks associated with these
emissions. In the study, emission estimates were made using Exponential Smoothing and ARIMA models from time series analysis methods.
ARIMA (1,1,1) model provided more accurate forecasts with low error rates, and it was observed that the highest increase was in CO:
emissions, and it was determined that especially the energy sector made the main contribution to this increase. Regular increases were also
detected in CHa and N-O gases. Following the estimation results, risk factors for the environmental and social impacts of greenhouse gases
were defined. Risk factors were determined by literature review and expert opinions; Health problems caused by CO-, ecosystem damage, and
risks such as access to drinking water have been identified as priority threats. The impact of N2O on the ozone layer and the consequences of
CHa4 on agriculture and livestock are also prominent findings. As a result, it is seen that sectoral greenhouse gas emissions in Tiirkiye will
continue to increase with the current trend, and especially the energy and agriculture sectors play leading roles in this increase. This situation
reveals the need for urgent interventions in terms of greenhouse gas control and climate policies at the national level. The study is an important
guide for policymakers, environmental planners, and academic researchers in terms of both emission estimation and risk analysis.

Keywords: “Greenhouse gas emissions, ARIMA method, exponential smoothing method, risk analysis.”

1. Giris

Sanayi Devrimi'nden bu yana fosil yakitlarin kullaniminin hizlanmasi ve ormanlarin hizla tahribati, sera gazlarinda énemli bir
artisa neden olmaktadir [1] ve sera gazlarinin ¢evreye salinimi, diinya ¢apindaki ¢evresel degisimin arkasindaki ana nedendir [2].
Sera gazlart karbondioksit (CO:), metan (CHa4), azotdioksit (N20) ve daha farkli gazlardan olusur [3]. Sera gazi emisyonlari,
insan sagligi, ekolojik denge ve biyo ¢esitlilik tizerinde korkung sonuglar1 olacagindan, bu ciddi bir endise kaynagidir [4]. AB-28
iilkeleri 2014 yilinda CO: emisyonlarin1 1990'a kiyasla %?25,7 oraninda azaltmay1 basarmis ve AB-28 iilkelerinin 2030 yilina
kadar CO: emisyonlarinda %40'lik bir azalma elde etmesi i¢in ¢alismalara devam etmektedir [5]. Sera gazi emisyonlarindaki
(CO2, CH4 ve N20) artisin kiiresel 1sinmaya neden olan en onemli faktdr oldugu ve dogal kaynaklarin ii¢ gazin (CO2, CH4 ve
N:0) toplam emisyonlarinin sirastyla yaklasik %96'sin1, %46'sm1 ve %64'{inii olusturdugu bilinmektedir. Insanlarin uygulamalar:
sonucunda CO: akislari, CHs ve N:O ile birlikte karbon dongiisiiniin dogal dengesini bozar ve yapay bir gezegeni 1sitan kiiresel
sicakliklarin zorlamasina neden olur. Ayrica, dogal kaynaklardan gelen 1sinmanin neden oldugu sera gazi emisyonlari, siirekli bir
sicaklik artigina ve bunun sonucunda ortaya ¢ikan birgok ¢evresel soruna neden olmaktadir ve olacaktir [6].

Bu calismanin temel arglimani, Tiirkiye’nin farkli sektorlerinden kaynaklanan sera gazi emisyonlarinin istatistiksel
yontemlerle tahmin edilmesinin, bu emisyonlarin gevresel etkilerini dngdrme ve azaltma stratejilerinin belirlenmesinde kritik rol
oynadigidir. Bu gercevede caligmanin temel amaci, hem sektorel bazli sera gazi emisyon tahminlerini bilimsel yontemlerle
yapmak hem de bu tahminlere dayali olarak olusabilecek riskleri belirleyip Onerilerde bulunmaktadir. Bdylece karar alicilara
emisyon azaltimi konusunda uygulanabilir stratejiler sunulmasi hedeflenmektedir. Bu c¢alisma kapsaminda ilk olarak sera gazi

! Corresponding Author
E-mail Address: onurderse@tarsus.edu.tr



82

emisyonlarinin sektdr (enerji boliimii, endistriyel iglemler ve {iriin harcanan sektor, tarim sektorii ve atik sektorii) bazli olarak
incelenmesi amaglanmaktadir. Calismada Ustel Diizeltme yontemi ve ARIMA metodu kullanilarak sera gazi emisyonlarinin
(CO2, CHa ve N20) tahmini gergeklestirilecek olup tahmin sonucglarindaki degerlerinin incelenmesi ve detaylandirilmasi ile
risklerin belirlenmesi ve onerilerde bulunulmaktadir. Bu yoniiyle ¢alisma, hem emisyonlarin gelecekteki egilimini ortaya koyan
bir ongodrii ¢alismasi hem de ¢evresel ve toplumsal risklere karsi alinabilecek onlemleri degerlendiren biitiinciil bir cergeve
sunmaktadir.

Caligmanin ilk kisminda amaca yer verilmis olup ikinci kisimda literatiir taramasi genisge gerceklestirilmistir. Caligmanin
ticiincli kisminda kullanilacak olan yontemler tanitilmistir ve devam eden kisismlarda uygulamaya ve Onerilere yer verilmistir.
Calismanin son kisminda ise sonuglar ve tartisma sunulmustur.

2. Literatiir Taramasi

Calismada literatiir iic baslhik altinda incelenmistir. Ik kisiminda sektorel incelemeye, ikinci kisminda sera gazi emisyonlari
ile ilgili yapilan tahminleme ¢aligmalarina, {i¢iincii kisiminda sera gazi emisyonlart ile ilgili gerceklestirilen risk ¢aligsmalarina yer
verilmistir.

2.1.  Sektorel Bazda inceleme

Sera gazi emisyonu enerji, sanayi, finans, ekonomi, tarim, hayvancilik, ulasim ve madencilik gibi bir¢ok farkli sektorle
ilgilidir. Enerji sektoriindeki sera gazi ve hava kirleticilerin kaynaklarinin biiyiik dl¢lide ayni oldugu goz oniine alindiginda,
enerji iiretiminin karbondan arindirilmasi, enerji verimliligindeki iyilestirmeler ve enerji yapisinin degistirilmesi de dahil olmak
iizere temiz enerji teknolojileri portfoylindeki yeniliklerin altinin ¢izilmesi gerekmektedir. 1990-2011 yillar1 araliginda
gerceklestirilen enerji verimliligi ile ilgili ¢alismalar, evrensel 6lgekte 4 milyar ton petrol esdegeri (TEP) tutum ederek dncelikli
enerji titketiminde %32'lik bir azalma saglamis ve 9,6 milyar ton CO: emisyonunun agiga ¢ikmasini engellemistir [7]. Erdogan
[8] calismasinda, son yillarda fosil yakitlar yerine geri doniistiirtilebilir kaynaklarin kullanimindaki artig ve enerji siirekliligi
calismalarinin sera gazi emisyonlarindaki artig seviyesinin azalmasinda ciddi bir katki sagladigini belirtmistir. Sanayide sera
gazlarinin denetimde tutulmasi, diisiiriilmesi ve korunmasi amaciyla calismalar yapilmaktadir. Davarcioglu ve Lelik [9]
calismasi, eko-verimlilik baslica yontemlerden biri olmak iizere, yliksek verimli {iiretim teknolojilerinin ve tekniklerin
kullanimiyla, ayni iiretim miktarimi elde etmek igin az dogal kaynak, enerji harcanmasi ve daha az atik iiretimiyle ilgili bir
prensibe dayandigini belirtmektedir. Alper ve Anbar [10] ¢alismasinda, iklim degisikliginin, direkt veya baska yollardan
etkileyecegi birimlerden birinin de finansal hizmetler sektérii oldugunu belirtmektedir. Romero ve Gramkow [11] ¢aligmasinda,
ekonomik karmasiklik, sera gazi emisyon yogunlugunun azaltilmasina katkida bulunur. Ekonomik kalkinma, ayni anda iiretim
aygitinin modernizasyonuna ve iklim degisikliginin ve bununla ilgili risklerin hafifletilmesine yol agan yapisal degisikliklere
dayanmasi gerektigi belirtilmektedir. Tarim ve hayvancilik sektorii incelendiginde, topragin ii¢ temel sera gazinin (CO2, CHa ve
N:0) kaynagi oldugu sdylenebilir. Toprak erozyonunu oOnlemeye yardimci olan koruma uygulamalari ile karbon tiiketimi
dengelenebilir. Mahsul ihtiyaglarin1 karsilayacak sekilde azot yonetilebilir ve N>O emisyonunu azaltabilir ve su kalitesi
iizerindeki olumsuz etkileri 6nlenebilir. Sahin ve Onder [12] calismasinda, atiklarm aritilmasi agisindan diizenli depolama
alaninda gozlenen yiiksek diizeydeki azalma, Avrupa Komisyonunun ortaya koymus oldugu Atik Cerceve Direktifi ve Diizenli
Depolama Direktifinin ortak bir sonucu oldugunu ve Atik Cerceve Direktifinin atik 6nleme ve yonetimi, mevzuat ve politikada
oncelik siras1 olarak hizmet eden bir atik hiyerarsisi belirlemektedir. lgili siralamaya gére listede en son atik bertarafi yer
almaktadir. Diizenli Depolama Direktifinin hedefi; atiklarin depolanmasinin ¢evre igin negatif sonuglarini ve insan sagligina
yonelik risklerini miimkiin oldugunca 6nlemek veya azaltmaktir. Ahsan ve ark. [13] ¢alismasinda, ulasim sektoriiniin toplam CO-
emisyonlarinin %?22'sini olusturan devasa bir karbon ayak izine sahip oldugunu belirtmektedir. Bu baglamda, karayolu
tagimaciligi, tagimacilik sektoriindeki toplam emisyonlarin en biiyiik kismina katkida bulunmaktadir. En temiz ulasim sekli olan
demiryolu, toplam emisyonlarin %]1'inden biraz daha fazlasina sebep olur.

2.2. Tahminleme Calhsmalari

Gaz emisyonlarinin ekonomik ydnlerinin ve sonu¢larinin incelenmesi, 6zellikle mevcut artis trendinde hacmi agisindan ¢ok
o6nemlidir. Bu nedenle, hava kirliligi emisyonlarinin tahmini, benimsenen politikalara dogru yon verebilir. Bu nedenle, gaz
emisyonlarinin incelenmesi ve tahmin edilmesi gereklidir [14]. Sera gazi emisyonlari ile tahminleme calismasi yapan bir¢ok
calisma [15 — 16] bulunmaktadir. Sera gazi emisyonlart ile ilgili yapilan caligmalar incelendiginde, Kone ve Biike [1]
calismasinda, enerji ile ilgili CO2 emisyonlarmin tahminine yonelik modelleme i¢in trend analizi yaklagimini kullanmaktadir.
Lotfalipour ve ark. [14] ¢alismasinda, Gri Sistem ve ARIMA yontemine dayali CO: emisyonlarinin tahmini ve iki yontemin
RMSE, MAE ve MAPE metrikleri ile karsilastirilmasini ele almaktadir. Khan ve ark. [17] ¢alismasinda, Dogu Asya ve Pasifik,
Dogu Avrupa ve Orta Asya, Latin Amerika ve Karayipler'den olusan farkli iilke gruplari icin enerji harcanmasi ve sera gazi
emisyonu arasindaki uzun siireli iligkiyi incelemektedir. Akcan ve ark. [18] calismasinda Tiirkiye'deki sera gazi emisyonlari
enerji sektorii, endiistriyel siiregler sektorii, tarim sektorii ve atik sektoriine gore incelemistir. Daha sonra sektorler bazinda sera
gazi emisyonlarini tahmin etmek i¢in Zaman Serisi Analizi modelleri kullanilmistir. Modellerin performanslart ortalama hata,
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ortalama mutlak hata ve ortalama karekok hata kullanilarak test edilmektedir. Sonuglar, tahmin modellerinin farkli sektorler igin
ulusal sera gazi emisyonlarini makul bir hata iginde tahmin etmek i¢in iyi bir potansiyele sahip oldugunu gostermektedir.
Dritsaki [5] ¢alismasinda, AB-28'deki CO: emisyonlarini tahmin etmek i¢in optimum modeli arastirmayi amaglamaktadir. Bu
amaca ulagmak icin lineer ARIMA modeli ve ARCH modelinin kosullu varyansi ile birlikte bir otoregresif entegre hareketli
ortalama (ARIMA) (1,1,1) - otoregresif kosullu degisen varyans (ARCH) (1) modeli kullanilmistir. Calismada son olarak,
ARIMA(1,1,1) - ARCH(1) modelini tahmin etmek i¢in hem dinamik hem de statik bir siire¢ uygulanmistir. Tahmin sonuglari,
statik prosediiriin dinamik olana kiyasla daha iyi bir tahmin sagladigini ortaya koymaktadir. Rahman ve ark. [19] ¢aligmasinda,
fosil yakit enerji tiikketimi egiliminin analizini ve iistel diizeltme yontemi kullanilarak tahmin edilen enerji tiiketimini, tahmini ve
Ongoriilen sera gazi emisyonlarinin ¢aligmasini ve sera gazi emisyonlarini etkileyen faktdrleri sunmaktadir. Ning ve ark. [20]
calismasinda, 1997'den 2017'ye kadar ki verileri ele alarak dort il i¢in karbon emisyonlarinin tahminini ARIMA (p, d, q) modeli
ile gerceklestirmektedir. Model, verileri tahmin etmek ve Oniimiizdeki ii¢ yildaki karbon emisyonlarina yonelik egilimlerini
analiz etmek i¢in kullanilmaktadir. Kour [4] ¢aligmasinda, Giiney Afrika'nin 1980'den 2016'ya kadar olan verilerini 2015- 2027
donemi i¢cin CO: emisyonlarini tahmin etmek ve ARIMA modeli gelistirmek i¢in kullanilmaktadir. ARIMA modelinin
kullanilmastyla, Giiney Afrika'da karbon dioksit emisyonlarinin dniimiizdeki on yil iginde sabit bir oranda artacagi tahmin
edilmektedir.

2.3. Risk Temelli Calismalar

Cevre politikas1 gelisimi ve yiiksek enerji piyasasi dalgalanmalar1 gbz oniine alindiginda, enerji kullaniminin ve sera gazi
emisyonlarinin azaltilmasi, enerji yogun tarim firmalarinin karliligmi artirabilir ve diizenleyici ve piyasa risklerine maruz
kalmasini azaltabilir [17]. Yapilan arastirmalar, iilkelerin enerjide geri doniisiime ve enerji kullaniminin azaltilmasina oncelik
vermesi durumunda, sera gazi emisyonlarindan kaynaklanan bir¢ok risk faktoriiniin azalacagini ve 6zellikle ekonomide olumlu
geri doniisler alabileceklerini gostermektedir. Diinyanin karst karsiya oldugu en o6nemli zorluklardan biri diigiikk karbon
ekonomisine dogru ilerlerken ekonomik biiylimeyi desteklemek igin artan enerji talebini karsilamaktir. Ayrica, ekonominin,
cevresel ve sosyal sonuglar arasinda dengeyi saglamak igin dnlemler alinmadig: takdirde, uzun vadeli siirdiiriilebilir kalkinmanin
tehlikeye girebilecegine dair artan bir endise vardir [21]. CO2, CH4 ve N2O gazlarinin risk durumlarinin ve 6nceliklendirilmesinin
yapildigr ¢ok fazla calisma olmamakla beraber Smith ve Haigler [22] calismasinda, sera gazi emisyonlarinin olumsuz
etkileyecegi alanlardan biri olan saglikta risklerin oldugunu 6ngérmektedir. Calismada, enerji sektorii incelenmis olup baslica
saglik tehditleri, hava kirliligi, mesleki tehlikeler ve ara sira meydana gelen biiylik olgekli kaza risklerine deginilmektedir.
Verdonck ve ark. [23] ¢alismasinda, yakin (2031-2050) ve uzak (2081-2100) gelecekte Belgika icin kentsel genisleme ve sera
gazi emisyon senaryolarinin etkisi 100 m mekansal ¢oziiniirliikte degerlendirilmektedir. Plastik yasam dongiisiinden kaynaklanan
sera gazi emisyonlari, ekolojik ¢evreyi ciddi sekilde tehdit ettigi ve okyanustaki mikro plastiklerin deniz karbon dongiisii
iizerindeki etkisini arttirdig1 ifade edilmektedir. Akcan [24] caligmasinda Cok Kriterli Karar Verme ydntemleri ile sera gazi
emisyon kaynaklariin risk 6nceligini belirlemek i¢in alt1 sera gazi kaynagi ve {i¢ sera gazi (CO2, CHa ve N20) i¢in 25 yillik
veriler dikkate alarak bir inceleme gerceklestirmistir. Bunun yaninda ultra gelistirilmis gidalarin tiikketiminin azaltilmasi ¢evresel
stirdiiriilebilirligi arttirma agisindan fayda saglayabilir. Bu gidalarin tiikketiminin azaltilmasi saglik ve ¢evreninde korunmasi igin
onemlidir [25]. Kirmiz1 et tiiketiminin azaltilmasi beslenmeden kaynaklanan sera gazi emisyonlarmin azalmasina yol agacak ve
o6liim, koroner kalp hastaligi ve tip 2 diyabet riskini azaltacaktir [26].

3. Materyal ve Metot

Calismada kullanilmasi planlanan veriler materyal boliimiinde, kullanilmasi planlanan yontemler ise metot boliimiinde
sunulmaktadir. Ele alinmas1 planlanan yéntemler tahminleme i¢in Ustel Diizeltme Yéntemi ve ARIMA yontemidir.

3.1. Materyal

Calismada 1990 — 2020 yillar1 arasindaki sektdr bazli verilerin kullanilmasi planlanmaktadir. Ele alinan sektorler enerji
sektorii, endiistriyel isler ve iiriin tiiketim sektorii (IPPU), tarim sektorii ve atik sektoriidiir. Tablo 1’de bu dort sektoriin CO:
esdeger toplam degerleri ve genel toplam CO: esdeger degerleri belirtilmektedir. Bu veriler TUIK ((Turkish Statitical Institute),
Turkish Greenhouse Gas Inventory 1990 — 2020, National Inventory Report for submission under the United Nations Framework
Convention on Climate Change) [27]’den saglanmaktadir.

Tablo 2°de enerji sektorii, endiistriyel islemler ve {irtin kullanimi sektorii (IPPU), tarim sektorii ve atik sektorii igin CO2, CHa,
N:20 emisyon miktarlar1 belirtilmektedir. Bu veriler TUIK ((Turkish Statitical Institute), Turkish Greenhouse Gas Inventory 1990
— 2020, National Inventory Report for submission under the United Nations Framework Convention on Climate Change)
[27]’den saglanmaktadir.
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Tablo 1. Sektor bazh toplam sera gazi emiyonlar1 miktari, 1990 — 2020 [27]

Yil Enerji IPPU Tarim Atk Toplam (Mt CO: es.)

1990 139.6 23.0 46.1 11.1 219.7
1991 144.0 249 46.9 11.3 227.1
1992 1503 245 47.0 11.5 233.3
1993 156.8  24.7 47.4 11.8 240.6
1994 1533 243 44.9 12.0 234.6
1995 1663 259 44.1 12.3 248.6
1996 184.0 263 44.8 12.7 267.7
1997 196.1  27.1 425 13.2 278.9
1998 1958 275 43.7 13.5 280.4
1999 1938 259 443 13.9 277.9
2000 2160 263 423 14.3 299.0
2001 1992 259 39.9 14.8 279.8
2002 2059 269 37.6 15.2 285.7
2003 2204 283 40.6 15.6 304.9
2004 2263 308 413 16.1 314.5
2005 2444 337 42.4 16.4 337.0
2006 260.5 36.7 43.9 16.8 358.0
2007 2915 393 43.4 17.1 391.3
2008 2883 41.1 41.3 17.2 387.9
2009 2929 43.0 42.0 17.2 395.1
2010 287.8 49.0 44.4 17.4 398.7
2011 3099 539 46.9 17.8 428.5
2012 321.6 56.2 52.7 17.6 448.0
2013 3083 59.2 55.9 16.7 440.0
2014 3268 599 56.2 16.5 459.4
2015 3420 592 56.1 17.1 474.5
2016 361.7 63.5 58.9 16.7 500.8
2017 3824 664 63.3 16.3 528.3
2018 374.1 68.0 65.3 16.6 524.0
2019 3654 58.6 68.0 16.1 508.1
2020 367.6  66.8 73.2 16.4 523.9

Tablo 2. Emisyon kaynakl seragazi emisyon miktarlari, 1990 — 2020 [27]

Emisyon Kaynaklar1 | 1990 | 2000 | 2005 | 2010 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
CO: 151 229 264 316 384 405 430 422 401 413
Toplam (k) 665 858 769 036 330 305 220 569 720 433
Enerji 129 204 232 271 330 347 369 360 350 353
891 494 907 645 815 273 365 850 127 038
1PPU 21 24 31 43 52 56 59 60 50 58
287 726 237 735 704 734 404 461 302 735
1 1 I I 1
Tarim 460 617 613 645 811 295 450 257 288 657
Atk 27 21 12 1 1 18 15 12 2.4 3.6
CH4 I I i 2 2 2 2 2 2 2
Toplam (kt) 699 746 806 064 111 222 271 414 525 560
Enerji 310 360 337 490 295 419 355 382 469 434
IPPU 0.3 0.4 0.4 0.4 0.6 0.7 0.7 0.7 0.6 0.6
Tarmm ! 878 882 951 ! ! ! ! ! 1
005 214 219 353 456 503 560
Atk 384 507 587 623 601 584 563 575 553 565
N0
Toptam (ko) 84 83 85 92 108 115 119 119 124 136
Enerji 6.5 8.5 105 | 133 | 127 | 133 | 140 | 126 | 120 | 124
IPPU 3.6 28 2.4 5.5 49 41 42 6.1 6.8 6.7
Tarm 69 66 66 67 84 91 94 93 o8 109
Atik 4.9 5.5 5.8 6.3 71 7.1 73 7.4 75 7.6
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Tablo 3’de gazlara gore sera gazi emisyon miktarlari belirtilmektedir. Bu veriler TUIK [27]’den saglanmaktadir.

Tablo 3. Gazlara gore sera gazi emisyon miktarlari, 1990 — 2021 [27]

Yil Toplam CO2 CH4 N20
1990 219,5 151,6 42,5 25,0
1991 226,8 158,1 43,4 24,7
1992 233,1 164,1 43,3 25,3
1993 240,8 171,1 43,1 26,0
1994 2344 167,6 42,8 23,6
1995 248,2 1814 42,6 23,9
1996 267,6 199,6 43,0 24,5
1997 278,8 212,1 42,2 24,1
1998 280,3 212,1 42,4 25,3
1999 277,8 207,9 43,8 25,6
2000 298,9 229,9 43,7 24,8
2001 279,7 213,6 42,9 22,6
2002 285,6 221,2 41,0 22,6
2003 304,8 236,8 43,0 24,0
2004 3144 244.,8 43,5 24,8
2005 337,6 264,9 45,2 26,0
2006 358,0 282,4 46,6 27,2
2007 391,7 313,7 49,1 26,8
2008 388,5 310,6 50,2 25,4
2009 395,2 316,4 49,9 26,6
2010 398,8 316,2 5L,6 27,4
2011 428,6 342,1 54,2 28,5
2012 448,2 356,1 57,8 29,7
2013 440,2 347,3 56,7 31,5
2014 459,5 364,0 58,5 31,7
2015 475,0 384,9 52,8 32,3
2016 501,1 406,0 55,6 34,3
2017 528,6 430,9 56,8 354
2018 523,1 422,1 60,4 35,5
2019 508,7 402,7 63,2 37,0
2020 524,0 412,9 63,9 40,5
2021 5644 452,7 64,0 40,3

3.2. Metot

3.2.1.  Ustel Diizeltme Yontemi

Zaman serisi analiz modelleri, daha 6nce verileri gozlemlemek ve gelecekteki verileri istatistiksel modeller araciligiyla
tahmin etmek i¢in kullanilan modellerdir. En yaygin olarak kullanilan zaman serisi modellerinden birisi iistel diizeltme
yontemidir. Ustel diizeltme yontemi Esitlik 1 ile gosterilir. a diizeltme katsayisini ve t gdzlem zamanini temsil eder. Ft, t.
zamandaki tahmin degerini At ise t. zamandaki gergek degeri temsil eder. Ft+1 ise bir sonraki zamandaki tahmini degeri temsil
eder [18].

Fry1 = adi+ (1 — F, ¢y
3.2.2. ARIMA Yontemi

ARIMA modeli, diger ekonometrik yontemlere gore daha dogru tahminler verdigi diisiiniildiigii i¢cin bu ¢aligma i¢in uygun
bulunmustur [28]. ARIMA modelleri, regresyon modellerinden farkli olarak, zaman serilerinin gecikmeli veya ge¢cmis degerleri
ve stokastik hata terimleri ile agiklanmasina olanak saglar [29]. ARIMA, bir zaman serisini tahmin etmek i¢in en genel model
siifidir. ARIMA modeli ARIMA (p, d, q) ile temsil edilen {i¢ parametreli bir modeldir. Bu parametreler p, d ve q'dur [30]. p
parametresi AR bileseninin sirasidir, d parametresi duraganlik igin fark alma derecesidir ve q parametresi ise MA bileseninin
sirasidir [14].
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Tahminleme modellerinde tahmin dogrulugunu hesaplamak icin, tahmin edilen sonuglar ii¢ farkli istatistiksel yontemle
degerlendirilebilir: Ortalama Mutlak Hata (MAE), Kok Ortalama Karesel Hata (RMSE) ve Ortalama Mutlak Yiizde Hatasi
(MAPE). Bu istatistiksel hesaplamalar sirastyla Esitlik 2, Esitlik 3 ve Esitlik 4’teki gibidir.

1 n
Ortalama Mutlak Hata (MAE) MAE = - Z ly: — y1l (2)
i=1
. 1 n
Kok Ortalama Karesel Hata (RMSE) RMSE = n z i — y1)° 3)
i=1
100 n i = V1
Ortalama Mutlak Yizde Hata (MAPE) MAPE = 0 YN 5 1 4
i=1 i

3.2.3. Risk Analizi

Risk analizi kisminda risklerin belirlenmesi ve degerlendirilmesi gergeklestirilmektedir. incelenen riskleri CO2, N2O ve CHa
kaynakli olarak ele alinmaktadir ve 6neriler sunulmaktadir.

4. Uygulama
4.1. Tahminleme icin Uygulama

Ustel diizeltme ydntemini kullanarak CO2, CHa, N2O degerlerini ayr1 ayr1 hesaplandiginda Tablo 5 elde edilmektedir.

Tablo 5. Sera gazi emisyonlarinin tahminlemesi

CO: icin hesaplamalar

CH.4 icin hesaplamalar

N:O icin hesaplamalar

F2021=413.4x(1+0.029)~424.8
F2022=424.8%(1+0.029)~436.8
F2023=436.8x(1+0.029)=449.4
F2024=449.4x(1+0.029)~462.7
F2025=462.7%(1+0.029)~476.8
F2026=476.8%(1+0.029)~491.8

F2021=64.00x(1+0.0142)~64.90
F2022=64.90%(1+0.0142)~65.81
F2023=65.81x(1+0.0142)=~66.75
F2024=66.75%(1+0.0142)=67.72
F2025=67.72x(1+0.0142)~68.72
F2026=68.72x(1+0.0142)~69.75

F2021=40.5%(1+0.097)=44.44
F2022=44.44x(1+0.097)=48.75
F2023=48.75%(1+0.097)=53.42
F2024=53.42%(1+0.097)=58.49
F2025=58.49%(1+0.097)=63.99
F2026=63.99x(1+0.097)=~69

Ele alman 1990 — 2021 verileri ile ARIMA metodu uygulandiginda dncelikle zaman serisi grafigi olusturulmustur ve Sekil 1

elde edilmigstir. Sekilde artan bir ivme goze ¢arptig1 ig¢in duraganlik testi uygulanmaktadir.

Time Series Plot of Toplam
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Sekil 1. Zaman Serisi Grafigi



87

Fark: alinmis olan seri ACF ve PACF grafikleri incelendiginde en uygun serinin ARIMA (1,1,1) oldugu goriilmektedir. Elde
sonuglarin Tablo 5’de 6zeti verilmektedir.

Tablo 5. Ustel diizeltme ve ARIMA yontemi sonuclar

Toplam(Mt, CO: es.)

Yil Ustel ile tahminleme sonuglar ARIMA ile tahminleme sonug¢lari
2022 558.9 571,265
2023 554.0 579,233
2024 549.6 588,021
2025 545.6 591,42
2026 542.0 607,272

Ustel diizeltme ydntemi ve ARIMA (1,1,1) yéntemleri i¢in model performans metrikleri Tablo 6’da gériildiigii gibidir. Ustel
diizeltme yontemi, gegmis verilere oldukga iyi uyum saglamis ve daha diisiik hata degerleri (MAE, RMSE, MAPE) ile yiiksek bir
aciklama giicii (R? = 0.97) gostermistir. ARIMA modeli, daha diisiik uyum gostermistir (R? = 0.85), ancak bu fark modeli genel
olarak kotii yapmaz. Kisa vadeli diiz seyirli verilerde SES ige yarayabilir, ancak uzun vadeli tahmin ve genellenebilirlik
acisindan ARIMA modeli daha giivenilirdir.

Tablo 6. Model performans metrikleri

Yontem MAE RMSE MAPE (%) R
Ustel Diizeltme 14,98 17.55 3.91 0.9724
Yontemi
ARIMA Yéntemi 18.91 4138 6.42 0.8467

4.2.  Risk Analizi i¢in Uygulama

Bu baslik altinda risklerin belirlenmesi sunulmaktadir.

Bu kisimda risklerin incelenmesi gerceklestirilmektedir. incelenen riskleri CO2, N-O ve CHa kaynakli olarak ele alinmaktadir
ve daha sonra kapsayici riskler elde edilmektedir. Literatiir taramas1 ve uzman goriisii ile olusturulmaktadir.

CO: Kaynakli Risk Faktorleri

Saglik sorunlarmnin artmasi [31]

Icme suyuna erisim [31]

Sicaklik artiglari

Ekosistemin bozulmasina bagli olarak olusabilecek salgin hastaliklar [31]
Okyanuslarin asitlenmesi gibi ekolojik sorunlar [32]

Saglik harcamalarmin artmasi [32]

Biyolojik ¢esitliligin azalmas1

Asirt yagislar sonucu bitki boceklenmesi, bitki hastaliklari [33]

Asirt sicaklar sonucu kuraklik, bitki verimliliginin azalmasi [33]

Deniz seviyesinin yiikselmesi, birgok kiy1 sehirlerin sular altinda kalmas1 [34]
Hava durumunun bozulmaya ugramast

N:0 Kaynakli Risk Faktorleri

N:O’nun giibrelesmis topraklarda ve zenginlestirilmis sulardaki verimliligi azaltmasi [35]

N:O emisyonlarinin biyoyakitlarin genel sera gazi dengesini bozmasi [36]

Giibre yonetiminin N>O’dengesini bozmasi

Oksijen kitligi ile kars1 karstya kalan bakterilerin N2O dan oksijen liretip atmosferik seviyeleri sinirlandirmasi [37]
N:O stratosferik ozon tahribatina yol agmasi [38]

Fosil yakit igeren yakitlarin yakilmast durumunda havaya N>O salinimi olmasi [39]

CH. Kaynakli Risk Faktorleri

e Hayvancilik etkinlikleri sonucu ortaya ¢ikan antropojenik sera gazlari atmosfere negatif yonde etki ederek iklimi
kiiresel olarak degistirmesi [40]
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Ciftlik hayvanlarinin verimlerinde diigiis, cevre sartlarina zit uyum saglamada zorluk ve bu kosullarla alakali olarak
hayvanlarin refah seviyelerinin diismesi ile kars1 karstya kaliriz [40]

Tarim ve turizm sektorleri ise iklim degisikliginin fiziksel etkilerinden olumsuz etkilenmesi [10].

Sigorta kapsamindaki zararlarin ¢ok yiiksek maliyetlere ulasabilmesi ve sigorta sirketlerini ve reasiirans sirketlerini
mali agidan zor durumda birakilma olasiligi [10].

Deniz seviyesi yilikselmesi, sicaklik, buzullarin erimesi, sel ve taskin aritma tesislerinde olumsuz degisikliklere
sebep olmaktadir [41].

Ekolojik dengeyi tehdit etmesi [42].

Komiir kokenli CHa iiretimi; hava kirliligi, giiriiltii, yeryiiziinde olusacak bozulmalar (¢6kme vb.), CHa ile iiretilen
atik sular gibi ¢evresel sorunlara sebep olur [43].

5.  Oneriler

Bu kisimda incelenen risklerin COz, N2O ve CH4 kaynakli olarak 6nlemleri incelenmekte ve ele alinmaktadir.

CO; Gazinin Azaltilmasina Yonelik Oneriler

Dumrul [44] calisgmasinda, ASEAN-5 iilkelerinin ¢ogunda CO: emisyonunu diisiirmeye yonelik politikalarin (¢evresel
atiklarin azaltilmasi, fosil yakitlarla alakali enerji tasarrufunun olusturulmasi, enerji verimliliginin yiikseltilmesi, yenilenebilir
enerji kaynaklarinin kullaniminin fazlalastirilmasi gibi) saglik ile ilgili yararlar olabilecegini sdylemistir. Ornek olarak, yapilmasi
planlanan yenilenebilir enerji mevduatlari, ekonomik biiyiimeyi olumlu olarak etkileyebilmekle beraber, CO. emisyonunun
azaltilmasina yol agarak saglik iizerindeki negatif etkinin diisliriilmesine yardimci olabilecegi vurgulanmaktadir. Son zamanlarda
FAO, IWMI ve ICID (Birlesmis Milletler Tarim ve Gida Teskilati, Uluslararas1 Su Yonetimi Enstitiisii, Uluslararas1 Sulama ve
Drenaj Komisyonu) gibi uluslararasi kuruluglar suyun higbir bir damlasinin bile israf etmeden etkili kullanilmasinin 6neminin
alti1 ¢izmistir ve “her damla suya karsilik daha fazla {irtin” ilkesini dikkate almiglardir. Sulamada etkin su kullaniminin
saglanmasi igin;

Fazla su kullaniminin 6niine gegilmesi,

Iklim degisikliklerinin bitkinin gelismesine, su harcamasina kars1 aksiyonlarinin arastiriimasi,

Su kalitesinin seviyesini yukar1 ¢ikarmak ve korunmasi, inceleme ve ele alinmasi,

Sulama ile alakali kurum ve organizasyonlar i¢in ayrimli iklim senaryolari igin su yonetim rehberlerinin yaratilmasi,
sulamanin g¢evresel etkilerinin izlenmesi ve degerlendirilmesi,

Basingli sulama yontemlerine gore sulama diizenlerinin yapilmast,

Alternatif su kaynaklarmm (atik sularin tekrar geri kazanilmasi, ylizey sularinin suyun az oldugu yerlere
yonlendirilmesi, su tasarrufu saglayan sulama metodu ve tekniklerinin iyilestirilmesi, atik sulardan ve drenaj
sularindan faydalanma olanaklar1) gelistirilmesi,

Su dagitim kayiplarinin minimuma indirilmesi i¢in agik sistemleri gozden ¢ikararak kapali borulu sistemlerin daha
fazla kullanilmasi,

Biiyiikliik esasina gore bir fiyatlandirma modeli (bitki-alan yerine, su miktar1) yaratilmasi,

Kurumlarin birbiri ile paralel hareket edip, cift¢ilerin su tasarrufuyla alakali bilgilendirilmesi,

Su kaynaklarmin etkili bir sekilde korunmasi ve kullanilmasi konusunda detayli bir su yasasinin olusturulmasi,
gerekmektedir [45].

CO: gazinin azaltilmasina yonelik diger oneriler asagidaki gibi siralanabilir;

Ulasimda fosil yakit harcayan araglar yerine daha ¢evreci hibrid ya da elektrikli sistemle calisan araglarin tercih
edilmesi, olduk¢a yiiksek oranda toplu tasima araglariyla seyahat, ara¢ kullanimma bagli karbon emisyonunu
azaltacaktir. Is yerine ulasimda kisisel ara¢ kullanimi yerine toplu tasima kullanimi, ulasim sektdriiniin sebep oldugu
emisyonu 6nemli derecede azaltacaktir [46].

CO: tutma ve depolama emisyon azaltmak i¢in uygulanabilir. CO: tutulup depoya taginir. Amag, gazi atmosferden
uzak tutmaktir. Bu tekniklerden birinde CO:’nin hacmi disiiriiliir. Jeolojik uygulamalarla okyanusa taginir. Burada
minerallerde veya endiistriyel islemlerde kullanilir [47].

Aydmlatma, 1sinma, ulasim ve diger mekanik ve elektronik cihaz ve sistemlerin zamaninda bakimlarinin
yaptirilmasi1 da sera gazi emisyonunun artmasinda engel olacaktir. Bunun disinda aktif olarak kullanilmayan
elektrikli ve elektrik ile galisan cihazlarin kapali tutulmasi, siirekli kullanimda olmayan elektrik tiiketimlerinde
sistemin sensorlii ya da otomatik mekanizmalarla desteklenmesi elektrige dayali karbon emisyonunda da gerekli
tasarrufu saglayacaktir. Elektrik ihtiyacini saglamasi amaciyla giines enerjisi panelleri, riizgar enerjisi panelleri gibi
yenilenebilir enerji sistemlerinin kurularak elektrik enerjisi sistemine dahil edilmesi elektrige bagli karbon
emisyonunu azaltacaktir [46].
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Ekonomik uygulamalarda aga¢ dikme almmasi gereken Onlemlerdendir. Fabrikalarda 6zel alg iiretimi de ilgi
¢cekmektedir. Algler CO. emisyonlarimin tutulmasinda dikkat ¢ekmektedir [48].

Belirtilen biitiin Oneriler karbon emisyonunun azaltilmasimnin gerceklesmesi amacinda yapilmasit gereken
aktivitelerdir. Bahsedilen Onlemler sera gazi emisyonunu belli dlciide azaltsa da yetersiz kalabilir. Alternatif
onlemler karbon yutaklar1 kurmak, karbonu ihra¢ etmek ya da son yillarda giindeme hizla yerlesen karbonu karbon
rezervuarlarina hapsetmek seklinde ortaya ¢ikmaktadir [46].

Yakit tiiketiminde emisyon azaltict faktdrler dikkate alinmalidir. Yenilebilir olmayan yakitlar olabildigince
kullanilmamalidir. Bunun ig¢in motor ile egzoz tipi degistirilmelidir [49].

Kimyasal giibre yerine fermente giibre tercih edilmelidir. Igeriginde kompost, biyogar vb. organik malzemeler
bulunmaktadir. Bu sayede toprak da daha verimli hale gelir [50].

Siirdiiriilebilir tarim daha ¢ok yayginlagtirilabilir. Su kirliligini azaltmak, topragin iiretkenligini korumak hedeflenir.
Tarimsal biyogesitlilik de gozetilir. Ek olarak ekonomik siirdiiriilebilirlik saglanmasi da hedeflenebilir [50].

N20 Gazinin Azaltilmasina Yonelik Oneriler

Kiiresel 1sinmay1 Onleyebilmek igin enerji, sanayi, ulasim ve tarim sektdrlerinde, basta fosil yakit kullaniminin
azaltilmas1 yoluyla, gerekli politika degisikliklerine gidilerek sera gaz iiretimi sinirlandirilabilir [51].

Yenilenebilir enerji kaynaklarmin daha ¢ok kullanilabilir. Enerji sektdriinde bunun iizerine faaliyetlerde
bulunulabilir [51].

Ormanlar koruma altina alinabilir [51].Bilingli tarimsal uygulamalar arttirilabilir. Giibreleme ve ilaglama gibi
calismalar 6rnek verilebilir [51].

Onemli yaptirimlardan biri olan vergiler, emisyonun diisiiriilmesi igin uygulanabilir [51].

Gemi emisyonlariin diigliriilmesine yonelik ileriye doniik ¢6ziim olabilmesi i¢in, gemilerde genis ¢apta kullanilan
fosil yakitlara secenek enerji kaynagi olarak ilerleyen teknoloji ile beraber daha az zarar verici etkisi olan LNG,
LPG, giines enerjisi, elektrik ve hidrojen ile ¢alisan gemi makineleri ilerletilmelidir. Ortaya konan bu makinelerin
basta gemi insa sanayinde tesvik edilmesi ve genellestirilmesi giiclii devletler katkisiyla da destek verilmelidir [52].
Sera gazlari emisyonlarmin distiriilmesi i¢in alinacak bazi Onlemlerden biri yerin altindaki zenginliklere
yonelmektir. Siirdiiriilebilir bir gelecek i¢in Tiirkiye’nin yeraltt kaynaklar1 olan toryum, uranyum, asfaltit, ham
petrol, dogalgaz gibi fosil yakit rezervleri ile birlikte biyokiitle ,hidrolik, riizgar ve giines enerjisi gibi alternatifler
kullanilmalidir. Bu kaynaklar g¢evresel etkilerin azaltilmasina ve enerji gilivenliinin artmasinda 6nemli rol
oynayacaktir [47].

2019 yili Eyliil ayinda Tiirkiye nin Birlesmis Milletler iklim Degisikligi Cerceve Sézlesmesi’ne sunmus oldugu 7.
Ulusal Bildirimde, sera gazi emisyonu azaltma politikalarina yonelik karayolu tagimaciligi ¢er¢evesinde planlanmis
ulusal katkilari agagidaki sekilde kararlagtirilmistir;

Ulasim ve mal lojistiginde karayolu kullanimimi diigiirerek, alternatif yollarla taginmasiyla birlikte tasima modlari
arasinda dengeli bir sekilde kullanilmasi,

Siirdiiriilebilir yontemleri (yesil lojistik) kentsel lojistik kapsaminda hayata gecirmek,

Diisiik emisyonlu araglar ve alternatif yakit kaynaklarinin desteklenmesi,

Ulusal Akilli Ulasim Sistemleri Strateji Belgesi (2014-2023) ve Eylem Plan1 (2014-2016) ile fosil yakit tiiketimini
ve karayolu tasimaciliindan kaynaklanan emisyonlari azaltmay1 amaglamaktadir,

Eskimis araglarin kullaniminin sonlandirilmasidir [53].

Karayolu kaynakli ¢evresel etkilerin azaltilmasi igin emisyon diigiiriici 6nlemler disinda en 6énemli ¢aligmalardan
biri de alt yap1 ¢caligmalaridir. Bunun yani sira emisyonun hacmi yoniinden tagima sekillerinin tutumlu olacak sekilde
uygulanmast ve kombine tasimaciligin fazlalagtirilmasi kaginilmazdir. Bu maksatla imkan oldukg¢a tren ile

gerceklestirilmesi 6nemlidir [53].

CH. Gazinin Azaltilmasina Y6nelik Oneriler

Ciftlik hayvanlarinin verimlerini artirmak ve ayni sayida iiriinii yapabilmek i¢in daha az hayvan ve/veya daha az
yasama siiresi olan hayvanlar yetistirilmelidir. Azaltma durumu, sera gazi emisyonlarini azaltiminin yani sira kar
artirabilir. Sera gazi emisyonlarinin diisliriilmesiyle hayvan refahini dengeleyen bir strateji olarak, beslenme
gereksinimlerini karsilamak icin kapali yetigtirme sistemleri ile agik alana etkilesimi birlestiren karma sistemlerin
uygulanmasi 6nemlidir [40].

Enerji sektoriinde disa bagimlilig1 azaltacak, yenilenebilir enerji kaynaklarinin kendi kendini yenileme 6zelliginden
6diin vermeyecek sekilde siirdiiriilebilir kullanimini destekleyecek devlet politikalart gelistirilmelidir. Enerji
tiikketimini etkileyen diger iliskili sektorlerdeki enerji kullanim oranlarini azaltacak sekilde giines, riizgar, termal
enerji, hidroenerji ve biyogaz gibi g¢evre dostu yenilenebilir enerji tiirlerinin kullanimi desteklenmelidir.
Yenilenebilir enerji kaynaklarindan enerji iiretiminin saglandigi tesislerin tesvik edilecegi uygun vergilendirme ve
maliyetlerin belirlenmesi ile gevreye daha duyarl sekilde enerji iiretimi saglanmalidir. Ozellikle sanayi iiretiminde
yerli hammadde kullanimi ile sektorler bazinda yerli iiretimin tesvik edilmesi saglanmali, disa bagimlilik ve
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hammadde-nihai iiriin {iretim, depolama, ulastirma siire¢lerindeki emisyon iretimleri en aza indirilmelidir. Ulagim
sektoriinde hem kentsel ulasimda hem de yiik tasimaciliginda 6zellikle fosil yakit kullanimma dayali emisyon
iiretiminin en yogun yasandig1 karayolu odakli ulasim anlayisi, demiryolu ve su yolu odakli sekilde gelistirilmelidir
[12].

e Emisyonlarin geneli arazi kullanimi degisikliginden ya da ineklerden kaynaklanan CH4 emisyonlar giibre yonetimi
ve giibre kullanimi gibi ¢iftlik diizeyindeki emisyonlardan kaynaklanir. Tiimiiyle kesmediginiz siirece, daha az et ve
siit Giriinleri harcamak, karbon ayak iziniz lizerinde yerel olarak yemek yemekten daha biiyiik bir etki saglar [54].

e Hayvancilikta CHa iretimini disiirmek igin kullanilabilecek yontemlerden biri, besin katki maddelerinin
secilmesidir. Hayvanlarin neden oldugu CHa gazi {iretiminin bagka bir faktorii olan hayvan digkilari, dncelikli olarak
biyogazin ortaya ¢ikmasi i¢in oldukga elverisli hammaddeler olarak kabul edilmektedir. Avrupa Birligi iiye iilkeleri
onderliginde diinya genelinde pek ¢ok iilke, hayvanlarin digkilardan anaerobik aritma yontemiyle biyogaz {iretimi
bakimindan basari elde etmistir [55].

e Tarimsal uygulamalarda sera gazinin ortaya ¢ikmasma sebep olan bir baska olumsuzluk da aniz yakma olay1 ise
iiretenlerin bilgilendirilmesi ve anayasaya uygun sekilde c¢oziilebilecek olumsuzluklar ¢evresinde bulunur. Gegerli
yasal diizenlemelerin uygulanmasini saglamak ve {iireticileri bu konuda bilgilendirmek, aniz yakmanin neden oldugu
sera gazi emisyonunu azaltmak icin alinabilecek 6nlemler arasinda sayilabilir [55].

e CHa. gaz, elektrik ve 1s1 enerjisi iiretimi i¢in mithim bir kaynaktir. CH4 gazinin enerji iiretirken kullanilmasinin diger
faydasi, fosil kaynaklarin kullanimiyla salinan gazlarin da azaltilmasini saglamasidir [42].

e Topraklarin ideal ve etkin kullanilarak, organik karbon meydana gelmesinin ve tutulmasinin arttirilmasi; bazi
problemlerin ortadan kalkmasi i¢in faydali olabilir [51].

e Tarim sektdrii kaynakli sera gazi emisyonlarini azaltmak i¢in kimyasal giibre kullaniminin kontrol edilmesi, kirsal
iireticilerin bilgilendirilmesi ve cezalarin uygulanmasi gerekmektedir. Hayvancilikta daha iiretken yem bitkileri
kullanarak enterik fermantasyonu diizenlemek, CH4 emisyonlarimi diigirme amagl bir yontem olarak tavsiye
edilmektedir [56].

e Emisyonlarin havanin kalite diizeyinde yaratabilecegi negatif sonuclarin en aza indirmeyi amaglayan teknolojik
stirecler yaratilabilir [57].

e  Ugaklar iklim i¢in ciddi bir tehlike olusturmaktadir. Bunun sebebi LTO, seyir kademeleri olarak degerlendirilebilir.
Bunun o6niine gecgebilmek icin teknolojik stratejilerin gelistirilmesi gerekmektedir. Emisyonlarin hava kalitesine
etkileri dnceden degerlendirilerek goz oniinde bulundurulmalidir. Deneysel ¢alismalarla dogru olarak hesaplanabilir.
Boylece emisyon miktarlarinin tahmini daha verimli sonug verecektir [57].

Ayrica, atiksu aritma tesislerinden kaynaklanan sera gazi emisyonlari agirlikli olarak karbondioksit (CO-), metan (CHa) ve
diazot monoksit (N20) formunda ortaya ¢ikar. Bu emisyonlarin azaltilmasina yonelik inovatif aritma teknikleri, her {i¢ gazi da
dogrudan veya dolayli yoldan hedef alabilecek potansiyele sahiptir. Mikroalgal sistemler, atmosferden veya proses kaynakli
salman COz2’yi fotosentez yoluyla organik karbon formuna doniistiirerek dogrudan CO: emisyonlarini azaltabilir. Bu sistemler
ayn1 zamanda dis kaynakli enerji ihtiyacini azaltarak, dolayli CO- salimini da diigiiriir. Ayrica, elde edilen alg biyokiitlesi enerji
iiretiminde kullanilabilir, bu da fosil yakit bagimliligin1 azaltarak CO: kaynakli toplam karbon ayak izini kiigiiltiir. Metan
emisyonlar1 genellikle anaerobik siireglerden ve ¢amur ¢iiriitiiciilerden kaynaklanir. Nitrite bagimli anaerobik metan oksidasyonu
(n-DAMO) gibi gelismis biyolojik siirecler, bu metani enerjiye doniistirmeden once aritim siirecinde oksitleyerek atmosfere
karigmasin1 onleyebilir. Boylece, dogrudan CH4 salim1 6nemli lgiide azaltilmig olur. Bu, hem ¢evresel riskleri diisiiriir hem de
metanin enerji kaynagi olarak degerlendirilmesini miimkiin kilar. N2O genellikle azot giderimi sirasinda, 6zellikle dengesiz ya da
verimsiz nitrifikasyon-denitrifikasyon siire¢lerinden kaynaklanir. Mikroalgal sistemler ve n-DAMO gibi stabil biyolojik siiregler,
azot giderimini daha kontrollii bir sekilde gergeklestirerek N2O olusumunu sinirlar. Ayrica biyokdmiir uygulamalari, mikrobiyal
ortami dengeleyerek ve azot doniisiim reaksiyonlarini stabilize ederek N2O salimimi dolayli olarak azaltabilir. Sonug olarak,
mikroalg sistemleri, n-DAMO siiregleri ve biyokdmiir uygulamalari;; CO2, CHs ve N>O’nun salimmi ayni1 anda azaltabilecek
potansiyele sahiptir. Bu sistemlerin aritma tesislerinde yayginlastirilmasi, yalnizca gevresel etkilerin azaltilmasi agisindan degil,
ayn1 zamanda enerji verimliligi, proses optimizasyonu ve siirdiiriilebilir igletme modelleri gelistirilmesi bakimindan da stratejik
oneme sahiptir [41]. Giilhan ve ark. [58] ¢alismasinda CO2, CH4 ve N2O i¢in tahminleme gerceklestirmis ve gelisen aritma
teknolojilerinin net emisyonu azalttigini ancak ayni zamanda kagak olarak salinan CH4 emisyonunu artirdig1 sonucuna varmakta
ve nitrifikasyon ve denitrifikasyon verimini etkileyen oranimin ve azot giderim veriminin artmastyla N20 emisyonunun azalacag1
tespit etmektedir. Bir baska oneri olarak, Yapiciogu ve Demir [59] ¢alismalarinda, atiksu aritma tesislerinin olumsuz g¢evresel
etkilerini azaltmak amacryla ¢evresel performanst belirleyen yeni bir gosterge olan Yesil Endeks gelistirilmistir. CO2 ve N20
emisyon degerlerinin Yesil Endeksi, belediye atiksu aritma tesisine gore sirasiyla 1,13 ve 1,36 degerleriyle daha diisiik
bulunmustur.

6. Tartisma ve Sonuclar

Kiiresel 1smnmanin temel nedeni, enerji gereksinimlerinin saglanabilmesi i¢in fosil yakith kaynaklarn siirekli olarak
kullanilmastyla dogal dengenin bozulmasidir ve kiiresel 1sinma canlilarin yagam i¢in en dnemli ¢evresel sorundur. Atmosfer
icerisinde bulunan dogal sera gazlarinin yogunlugunu artmaktadir. CO-> gazmin dogal konsantrasyonunda artis, sera gazi
emisyonlarinin %80'in iizerindeki pay1yla, dogal dengeyi bozan bir durumu isaret etmektedir. Bu durum, atmosferdeki CO2 ve
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diger sera gazlarinin paymin kontrol altina alinmasinin, kiiresel 1sinma ve iklim degisikligi agisindan biiyiikk dnem tagidigini
vurgulamaktadir. [IPCC'nin 2007 senesinde yazilan Dordiincti Degerlendirme Raporu, diinya genelinde sicakliklarin yiikseldigini
ve buzullarin eridigini acik¢a ortaya koymustur. Ayrica, 1959'dan bu yana atmosferdeki CO: seviyelerinin siirekli arttigi
gozlemlenmektedir. CO: diizeylerindeki bu artigla birlikte, diinya genelinde sicaklik artiglart yasanmaktadir. Hiikiimetler arasi
iklim Degisikligi Paneli (IPCC) tarafindan 2007 yilinda yayimlanan Dérdiincii Degerlendirme Raporu'na gore, kiiresel 1stnma
sonucu Diinyanin yarisinda buzullarin azaldigi ve denizlerin sicakliklarinin fazlalastigi gézlenmistir. IPCC'nin Ugiincii
Degerlendirme Raporu (TAR) ise hicbir teknoloji segeneginin tek basina stabilizasyon saglamak icin gerekli emisyon
indirimlerinin tiimiini gerceklestiremeyecegini, ancak yine de onlem amagl tedbirlerin alinmasi gerektigini belirtmektedir.
Kiiresel 1stnmaya yol acan CO. emisyonunu kontrol altina almak i¢in Birlesmis Milletler iklim Degisikligi Cergeve Sozlesmesi
ve Kyoto Protokolii'nde degerlendirilen g¢evre tutumlarina istinaden, Diinya genelinde ¢evresel is birliginin saglanmasi ve
toplanan karbon vergisi gelirleriyle temiz teknoloji gelisiminin tesvik edilmesi gerekmektedir. Bu {i¢ bilesenin eszamanli olarak
uygulanmasi durumunda, birbirini tamamlayarak kiiresel 1sinmanin nlenmesine yonelik etkili bir politika olusturulabilecegi ve
risklerin en aza indirilebilecegi ifade edilmektedir.

Caligmada sera gazi emisyonlar1 enerji, endiistriyel islemler ve iirlinlerden fayda saglama, tarim ve atik sektorleri kapsaminda
incelenmekte olup gelecek donemlerde olusabilecek sera gazi emisyonu miktari tahminlenmektedir. Calismada 1990 — 2021
yillar1 arasindaki sektér bazli verileri Zaman Serisi Analizi yontemlerinden Ustel Diizeltme Yéntemi ve ARIMA yénetimi
kullanilarak tahminlemesi yapilmaktadir ve giliniimiizde olusan risklerin CO., CHs ve N:0O artiglariyla daha da artacagi
goriilmektedir. Calismada toplam CO2, CHa ve N2O emisyon degerlerinin ayr1 ayr1 degerlendirilmesi ve bunlara bagli ortaya
¢ikabilecek risk durumlarmin incelenmesi ve Onerilerin olusturulmasi gergeklestirilmektedir. Calismadan elde edilern temel
sonuglar agagidaki gibi siralanabilir:

e Tiirkiyemin sera gazi emisyonlart 1990-2021 yillar1 arasinda artis egilimi gdstermektedir ve bu egilim, her iki
tahminleme modeliyle tahmin edilmektedir.
e CO: emisyonlan ozellikle enerji sektdriinden kaynakli olarak en yiiksek paya sahiptir ve gevresel risk agisindan

onceliklidir.

e CHs ve N2O emisyonlar ise tarim ve atik sektorleriyle iligkilidir ve ozellikle tarimsal uygulamalarla dogrudan
iligkilidir.

e Yapilan risk degerlendirme, CO:'nin saglik ve cevre iizerindeki etkilerinin daha yiiksek oncelikli oldugunu
gostermektedir.

Caligma sera gazi emisyonlariin incelenmesi ve sonucunda risk durumlarina gore ele alinarak ilerideki ¢aligmalar ve
uygulayicilar igin yararli olacaktir.
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Abstract

This study aims to improve the performance of the Crayfish Optimization Algorithm (COA), a swarm intelligence algorithm recently
introduced in the literature, on various test functions with fixed and variable dimensions. Optimization can be defined as making a system as
efficient as possible at the least cost, within certain constraints. Numerous optimization algorithms have been designed in the literature to
obtain the best solutions for specific problems. The most critical aspects in solving these problems are modeling the problem correctly,
determining the parameters and constraints, and selecting an appropriate meta-heuristic algorithm for solving the objective function. Not every
algorithm is suitable for every problem structure. While some algorithms solve fixed-dimension test functions better, others may perform better
on variable-dimension test functions. In this study, the COA algorithm's performance was evaluated on 10 test functions previously used in the
literature, consisting of three fixed-dimension functions (Schaffer Function, Himmelblau Function, Kowalik Function) and seven variable-
dimension functions, including one unimodal (Elliptic Function) and six multimodal functions (Non-Continuous Rastrigin Function, Alpine
Function, Levy Function, Weierstrass Function, Michalewicz Function, Dixon & Price Function). The solution values obtained for each of the
selected functions were compared with the solutions obtained using the Harris Hawks Optimizer (HHO), the Charged System Search Algorithm
(CSS), and the Backtracking Search Optimization Algorithm (BSA).

Keywords: “Crayfish optimization algorithm (COA), Harris hawks optimizer (HHO), charged system search algorithm
(CSS), backtracking search optimization (BSA), fixed and variable size unimodal and multimodal test functions.”

1. Giris

Son yillarda, sorunlar1 ¢ézmenin giderek artan karmagsikligi ve nihai sonuglarin belirsizligi ile daha iyi optimizasyon
algoritmalarina olan talep artmaktadir. Optimizasyon problemleri miihendislikte ve karar verme siireglerinde ¢ok yaygin bir
sekilde kullanilmaktadir. Bir problemin optimizasyonu, verilen kisitlar altinda o problem icin mevcut olan ¢oziimler arasinda en
iyi olana ulagsmak demektir, kisaca en iyi ¢oziimii bulmaktir. Bu tiir problemlerin ¢dziimii i¢in 6nceleri deterministik (belirli)
yontemleri kullanan geleneksel teknikler kullanilirken, son yillarda siklikla deterministik olmayan yontemleri kullanan meta-
sezgisel algoritmalar gelistirilmistir [1-5].

Meta-sezgisel optimizasyon algoritmalari optimal ¢oziimii elde etmek igin genellikle iteratif ¢ozliim siirecinde ¢oziim
araliginda birden fazla ¢oziimle bagslarlar. Bu tiir algoritmalarda her iterasyonda ¢dziimler, yalnizca amag¢ fonksiyonuna bagh
olarak sezgisel tabanli karar alma ile giincellenirler. Elde edilen tiim ¢dziimler belirli bir bolgeye ¢ok yakinsa, algoritmanin yerel
optimizasyona takilmasi ve daha iyi bir ¢6ziim elde edememesi durumu ortaya ¢ikar. Giincelleme formiilii degeri ¢ok biiyiik veya
cok kiiciik oldugunda ¢oziimiin arama kapsamindan g¢ikmasi sdz konusu olabilir. Bu durumda algoritmanin optimizasyon
performansi diisecektir. Yerel optimizasyon, belirli bir araliktaki ¢6ziimiin minimumunu veya maksimumunu ifade eder. Bu ifade
tiim bolgenin minimumu veya maksimumu anlamina gelmez. Kiiresel optimum ise tiim bolgede ¢oziimiin minimumunu veya
maksimumunu ifade eder [6].

Geleneksel ile meta-sezgisel algoritmalar karsilastirildiginda, meta-sezgisel algoritmalarin anlagilmasi ve uygulanmasi daha
kolay oldugu goriiliir. Geleneksel optimizasyon algoritmalari, hesaplama karmasikligi ve yakinsama agisindan teorik olarak
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analiz edilebilir. Meta-sezgisel algoritma, yerel optimumdan atlama ve etkili tasarim yoluyla bir noktaya yakinsama arasinda iyi
bir dengeye sahip olabilir, bu da belirli bir optimizasyon problemi i¢in kiiresel optimumu bulma olasiliin1 artirir. Meta-sezgisel
algoritmalar ¢6ziim alanindan ve baslangi¢ kosullarindan bagimsiz olarak ve ilave olarak giiglii saglamliga sahip olduklari igin
optimizasyon probleminin kiiresel en iyi ¢6zliimiinii bulabildiklerinden pratikte yaygin olarak kullanilmaktadir. Bu nedenle
giiniimiizde literatiirde doganin &zelliklerinden esinlenerek gelistirilmis bir¢ok tiirde algoritmaya rastlanmaktadir. Bu
algoritmalar siirli zekasu, fizik tabanli, evrimsel ve insandan ilham alan algoritmalar olarak dort kategoriye ayrilabilir [7].

Dogada bulunan hayvanlarin davranislarindan esinlenen algoritmalara siirii zekas1 algoritmalari1 denir. Bu grupta literatiirde
bulunan algoritmalardan bazilari, pargacik siirii optimizasyonu (particle swarm optimization, PSO) [8] ve yapay ar1 kolonisi
algoritmasi (artificial bee colony algorithm, ABC) [9] 6rnek olarak verilebilir.

Fiziksel olaylardan esinlenen algoritmalara fizik tabanli algoritmalar denir. Fizik tabanli algoritmalar alaninda birgok temsili
¢alisma bulunmaktadir. Bu gruba ait literatiirde bulunan algoritmalardan bazilar1 ise, yer¢ekimi arama algoritmasi (gravitational
search algorithm, GSA) [10] ve termal degisim optimizasyonu (thermal exchange optimization, TEO) [11] 6rnek olarak
sayilabilir.

Evrimsel algoritmalar, doganin evrim mekanizmasini taklit eden bir tiir meta-sezgisel algoritmadir. Bu gruba ait literatiirde
bulunan algoritmalardan bazilari, genetik algoritmalar (genetic algorithm, GA) [12], geri izleme arama optimizasyon
(backtracking search optimization algorithm BSA) [13] ve farksal gelisim (differential evolution, DE) [14] algoritmas1 6rnek
olarak verilebilir.

Insandan esinlenen algoritmalar ise, insan davranis aliskanliklarindan esinlenen meta-sezgisel algoritmalardir. Bu gruba ait
literatiirde bulunan algoritmalardan bazilari ise, harmoni arama (harmony search, HS) [15] ve Ogretim Ogrenme tabanli
optimizasyon (teaching learning based optimization, TLBO) [16] 6rnek olarak sayilabilir.

Son yillarda literatiire birgok meta-sezgisel algoritma kazandirilmig olsa da biitiin algoritmalar tim problemleri ¢dzer
denilemez. Bir algoritma bir problemde ¢ok iyi bir etkiye sahip oldugunda, diger problemlerde iyi bir etkiye sahip olmayabilir.
Bu nedenle her gecgen giin yeni meta sezgisel algoritmalar iiretilerek literatiire kazandirilmaya devam edilmektedir. Bu ¢alismada
son donemde Jia ve arkadaslari tarafindan gelistirilen kerevitin beslenme davranisi ve yazlik davranigina dayali yeni bir meta-
sezgisel optimizasyon algoritmas1 olan kerevit optimizasyon algoritmasinin (crayfish optimization algorithm - COA) [7] gesitli
test fonksiyonlar1 tizerlerindeki ¢6ziim bulma yetenegi ve performansi arastirilmistir.

Bu caligmada COA algoritmasit toplamda on adet sabit ve degisken boyutlara sahip unimodal ve multimodal test
fonksiyonuna uygulanmistir. COA’nin uygulanmasiyla elde edilen sonuclar1 karsilagtirmak igin literatiirden ti¢ farkli algoritma
secilerek ayni1 fonksiyonlara ayni sartlarda uygulanmistir. Calismada siirii tabanli olan haris sahini optimize edici (harris hawks
optimizer-HHO) [17, 18], fizik tabanli olan yiiklii sistem arama algoritmasi (charged system search algorithm-CSS) [19, 20] ve
evrim tabanli olan geri izleme arama optimizasyon (backtracking search optimization algorithm-BSA) [13] algoritmasi
secilmistir. Sonuglar1 karsilastirma i¢in ele alinan bu algoritmalardan, HHO algoritmasi, kiiresel optimum arayisinda etkili kesif
ve somiirii asamalar1 sunmasi nedeniyle literatiirde bircok zorlu optimizasyon probleminde basarili bulunmustur. Ozellikle hizli
yakimsama ve yiiksek ¢oziim hassasiyeti saglamasi giiglii yonlerindendir. Ancak, HHO bazi durumlarda erken yakinsama
(premature convergence) problemine yatkin olabilir ve ¢ok karmasik arama alanlarinda gesitliligi korumakta zorlanabilir. CSS
algoritmasi ise, gliglii fiziksel temelli modellemesi sayesinde yiiksek kesif kapasitesi ve iyi kiiresel arama yetenegi sunar.
Ozellikle baslangig asamalarinda ¢dziim alaninda genis kapsamli arastirma yapabilmesi kuvvetli bir yoniidiir. Ancak, literatiirde
CSS’in islem siiresi agisindan diger meta-sezgisel algoritmalara gore daha maliyetli olabilecegi ve parametre ayarlarinin sonuglar
iizerinde Onemli etkiler yaratabilecegi belirtilmistir. BSA’nin ise giiclii ve zayif yonleri incelenirse, hafif yapisi ve diisiik
parametre bagimlilig1 nedeniyle hizli uygulama ve diisiik hesaplama maliyeti avantajlarina sahiptir. Ayrica, yerel optimumlardan
kacinma kabiliyeti yiiksektir. Bununla birlikte, 6zellikle cok karmagsik, yiiksek boyutlu problemlerde, kesif ve somiirii dengesi
acisindan diger geligmis algoritmalara kiyasla daha diisiik performans sergileyebilecegi degerlendirilmektedir.

2. Kerevit Optimizasyon Algoritmasi (Crayfish Optimization Algorithm - COA)
2.1. Dogadaki Kerevit ve ilham Kaynag

Kerevit karidese benzer ve kabugu cok serttir. Hayvan taksonomisinde Arthropoda, Crustacea ve Decapoda siniflara ait
olup genellikle tatli su habitatinin 6nemli bir tlirii olarak kabul edilir. Kerevitler goller, nehirler, akarsular, gegici goletler ve
sadece mevsimsel olarak islak kalan alanlara kadar ¢ok ¢esitli tatli su habitatlarinda yasarlar. Kerevitlerin ¢ukur kazma ve
geceleri ortaya ¢ikma aligkanligi vardir. Diinyada kaydedilen 600’den fazla tath su kereviti tiirii olup bunlar cografi konum veya
habitattan bagimsiz olarak ¢ukur kazma yetenegine sahiptir. Biitiin kerevitlerin magaralar1 vardir ve bu magaralarin sekli ve
islevi tiirlere gore degisir. Bu degisiklik, kerevitlerin magara ekolojisine dayali olarak siniflandirilmasindan elde edilmistir.
Kerevit, dogal diigmanlardan ve yaz sicagindan kagmmmak igin ¢ukur kazar. Ayrica, yirticilardan kaginmak, viicudunun
kurumasini 6nlemek, yiyecek aramak ve kulucka bakimini saglamak i¢in de magaralar kullanilabilir. Kerevit, belirli bir sicaklik
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araliginda yasayan su hayvanidir. Cesitli hava kosullarina uyum saglayabilir, ticari olarak pelet yemi saglayabilir ve ayrica ucuza
yetistirilebilir. Alt1 aylik beslenmeden sonra kerevit 40-60 gr’a kadar biiyiiyebilir. Kerevit, tiim yaprak doken canlilar gibi, yasam
ortamindaki sicaklik degisiklikleri kerevitlerin bilylime oranlarini uzatir veya kisaltir. Bu nedenle, sicakligin kerevitlerin hayatta
kalmasi iizerinde dnemli bir etkisi olmustur. Kerevitler 11 °C ile 44 °C arasinda bu canli hayatta kalabilir, ancak bu durum
kerevitlerin biiylimesi igin uygun oldugu anlamina gelmez. Kerevitlerin bilyiimesi i¢in uygun sicaklik 15 °C ila 30 °C’dir.
Kerevitlerin hayatta kalmasi i¢in en uygun sicaklik 25 °C’dir. Su sicakligi ¢ok diisiikse, bu durum kerevitlerin daha az besin
yemelerine veya hi¢ besin yememelerine neden olur. Béylece bu durum kerevitlerin biiyiimelerini etkiler ve hatta 6liimlerine
neden olabilir. Su sicakliginin ¢ok yiiksek olmasi da, kerevitlerin oksijensiz olarak karaya ¢ikmalarina ve hatta dliimlerine neden
olur. Kerevitin sematik diyagrami Sekil 1°de gosterilmistir. Kerevit, her tiirli tahil, sebze, karasal otlar, su kiitlelerindeki su
bitkileri, epifitik algler, zooplanktonlar, suda yasayan bocekler, kiigiik benthos ve hayvan lesleri ile beslenebilen omnivor bir
hayvandir. Kerevitler avlanirken genellikle penceleriyle biiyiik yiyecekleri yakalarlar, tutmak ve kemirmek i¢in 2. ve 3. yiirlime
ayaklarma gondermeden dnce pargalarlar. Kiiciik yiyecekler i¢in ise dogrudan tutmak ve 1sirmak i¢in ikinci ve ii¢lincii yilirlime
ayaklarimi Sekil 2°de gosterildigi gibi kullanirlar. Avlandiktan sonra, genellikle hizli bir sekilde saklanirlar veya diger kerevitler
tarafindan soyulmaktan korunmak i¢in kiskaglarini kullanirlar [7].

Pence ayagi

Ugiincil yiiriime ayag: Yiirlime ayaklari

Sekil 1. Kerevitin sematik diyagram [7]. Sekil 2. Kerevitin yapisal diyagrami [7].

Kerevitlerin belirtilen bu o6zellikleri temel alinarak, yeni bir siirii zekéasi tabanli optimizasyon algoritmasi olan COA
olusturulmustur. Bu algoritma kerevitlerin yazlik tatil yeri arama, birbirleriyle rekabet etme ve besin arama gibi davranislarina
dayali matematiksel bir model kurar. Diger optimizasyon algoritmalari ile karsilastirildiginda, COA, kerevitlerin yazlik tatil kdyii
mekanizmasini, rekabet mekanizmasini ve besin arama mekanizmasmi simiile etmesi bakimindan o6zeldir. COA ayrica
kerevitlerin biiyiik yiyecekleri parcalama siirecini de simiile etmistir [7]. Asagidaki boliimlerde verilmis olan 10 adet farkli
matematiksel test fonksiyonlarinin ¢dziimiine iliskin sonuglardan, COA’nin mevcut meta-sezgisel algoritmalara kiyasla biiyiik
avantajlara sahip oldugu goriilmiistiir.

2.2. ilham Kaynag

COA, kerevitlerin yiyecek arama, yaz tatili i¢in yer arama ve rekabet¢i davraniglarindan ilham alarak olusturulmustur.
Yiyecek arama asamasi ve rekabet asamasi COA’nin kullanim (explotation) asamasidir ve yaz tatili asamasi ise COA’nin kesgif
asamasidir. Siirli zekas1 optimizasyonunun ozelliklerini yansitmak igin, kerevit kolonisi (X), algoritmanin ilk asamasinda
tanimlanir. X;, bir adet ¢dzlimii gosteren i. kerevitin konumudur. X;, uygunluk degeri olarak da bilinen bir ¢6ziim elde etmek i¢in
fix) fonksiyonunu olusturur. COA’nin kesfi ve kullanilmasi, bireyin bulundugu ortamin sicakligini temsil eden rastgele bir sabit
olan sicaklik tarafindan diizenlenir. Sicaklik ¢ok yiiksek oldugunda, COA yaz tatili asamasina veya rekabet asamasina girecektir.
Yaz tatili asamasinda, yeni ¢6ziim bireysel konum olan X; ve magara konumu olan X.q’e gore gilincellenir. Sicaklik uygun
oldugunda, COA yiyecek arama asamasina girecektir. Yiyecek arama agamasinda, yiyecegin yeri en iyi yer ve ayni1 zamanda en
uygun ¢dziim olarak da bilinir. Yiyecegin boyutu, mevcut ¢6ziim uygunlugu ve optimal ¢oziim fitnessy.q ile elde edilir. Besin
uygun oldugunda, konumlar1 JXj, yiyecek alim sabiti p ve yiyecek pozisyonu Xy, glincellemelerine gore kerevitler yeni ¢oziimler
tiretirler. Besin ¢ok biiyiik oldugunda, kerevit yiyecegini pargalamak i¢in penge ayagini kullanacak ve ardindan déniisimli
olarak yemek igin ikinci ve lgiincli yiirime ayaklarint kullanacaktir. Kerevitlerde besin alimi kontrol edilir. Yiyecek alimi
sicaklik ile belirlenir ve pozitif bir dagilim gosterir [7].

2.3.  Popiilasyonu Baslatma

Cok boyutlu optimizasyon probleminde, her kerevit (1*dim’lik) bir matristir. Her slitun matrisi bir problemin ¢oziimiini
temsil eder. Bir dizi degiskende (X;;, X2, ..., Xjam), her X; degiskeni {ist ve alt sinirlar arasinda yer almalidir. COA’nin
baslatilmasi, uzayda rastgele bir grup aday ¢oziim igin X olusturmaktir. Aday ¢6ziim X, popiilasyon biiyiikliigii N ve boyut sayisi
olan dim’e dayanmaktadir. COA algoritmasinin baglatilmasi1 Denklem (1)’de gosterilmistir [7].
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Burada X baslangi¢c popiilasyon konumunu, N popiilasyon sayisint ve dim ise popiilasyon boyutunu goéstermektedir.
Denklemde X, ise i. Bireyin j. boyutundaki konumunu gostermekte olup degeri Denklem (2) kullanilarak bulunur.

X, =1Ib, +(ub, -1b, )< rand )

Denklemde /b; ifadesi j. boyutun alt sinirini temsil ederken, ub; ise j. boyutun st sinirin1 temsil eder ve rand ise rastgele bir
sayidir.

2.4. Kerevitlerin Sicakhigimi ve Besin Alimin1 Tanimlama

Sicakligin degismesi kerevitin davranigini etkileyecek ve onun farkli agamalara girmesini saglayacaktir. Sicaklik, Denklem
(3)’te tammlanmugtir. Sicaklik 30 °C'den yiiksek oldugunda, kerevit yaz tatili i¢in serin bir yer segecektir. Kerevit sicaklik
degerleri uygun oldugunda yiyecek arama davramigi gerceklestirecektir. Kerevitin beslenme miktart sicakliktan etkilenir.
Kerevitin sicaklik agisindan beslenme aralik degerleri 15 °C ile 30 °C olup en iyi deger 25 “C’dir. Bu nedenle, kerevitin beslenme
miktar1 normal dagilima yaklastirilabilir, boylece beslenme miktar1 sicakliktan etkilenir. Kerevitlerin 20 °C ila 30 °C arasinda
giiclii yiyecek arama davranisi oldugundan, COA 20 °C ila 35 °C arasinda bir sicaklik aralig1 tamimlar. Kerevitlerin besin alimmin
matematiksel modeli Denklem (4)’te ve besin aliminin sematik diyagrami ise Sekil 3’te gosterilmistir [7].

temp = rand x15+20 3)

p=Cx

(Zemp - ,u) } )

1
——Xexp| -
’\’2><7T><0' p{ 20'2

Denklemlerde, temp kerevitin bulundugu ortamin sicakligini, x4 kerevit igin en uygun sicaklik degerini temsil etmektedir.
Denklemlerde, o ve C; ise kerevitlerin farkli sicakliklarda besin alimini kontrol etmek igin kullanilir.

Kerevit besin alimi

Besin icin en iyi sicaklik degeri alma

Yiiksek sicakliktan
in

e yeri
Sicaklik degeri uygun arama agamasinda
ve kerevit yiyecek
arama asamasinda

Sekil 3. Kerevitin besin alimi iizerinde ortam sicakhiginin etkisi [7].

2.5. Yaz Tatili Beldesi Asamasi (Kesif)

Kesif agsamasinda femp>30 oldugunda, sicaklik ¢ok yiiksek olup kerevit yaz tatili i¢in magaraya girmeyi sececektir. Magara
Xsnade Denklem (5)’te tanimlanmigtir. Denklemde, Xg iterasyon sayisiyla simdiye kadar elde edilen en uygun konumu temsil eder
ve X; mevcut popiilasyonun en uygun konumunu temsil eder [7].

‘Xvshade:()(G-"_)(L)/2 (5)
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Kerevitlerin magaralar i¢in miicadele etmesi rastgele bir olaydir. Sekil 4.A’da gosterildigi gibi rand<0,5 olursa, bu magaralar
icin yarigan baska bir kerevit olmadig1 ve kerevitlerin yaz tatili i¢in dogrudan magaraya girecegi anlamina gelir. Bu anda, kerevit
Denklem (6) kullanilarak yazlik tatil beldesi i¢in magaraya girecektir [7].

X=X +C, xrandx(Xs,wde -X; ) (6)

i,j

Burada, ¢ gegerli iterasyon sayisini ve ¢+/ ise yeni nesil iterasyon sayisini temsil eder, C> ise Denklem (7)’de gosterildigi gibi
azalan bir egridir. Burada 7, maksimum iterasyon sayisini gostermektedir.

C,=2-(t/T) %

Yazlik tatil beldesi asamasinda (kesif) kerevitin amaci, en uygun ¢oziimii temsil eden magaraya yaklagsmaktir. Bu noktada
kerevit magaraya yaklasacaktir. Bu, bireyleri en uygun ¢dziime yaklastirir ve COA’dan yararlanma yetenegini artirir ve bdylece
algoritmanin daha hizli bir sekilde yakinsamasini saglar [7].

2.6. Yanisma Asamasi (Kullanim)

Sekil 4.B’de gosterildigi gibi bu asamada temp>30 ve rand>0,5 oldugunda diger kerevitlerin de magaraya ilgi duydugu ve
magaray1 ele gecirmek igin birbirleriyle miicadele edecekleri anlamina gelir. Kerevitin magara i¢in rekabeti Denklem (8)’le ifade

edilmistir [7].

Xit,;l :Xit,j _X;,j +Xshade (8)

Burada z Denklem (9)’da gosterildigi gibi kerevitin rastgele bir bireyini temsil eder.

Z=r0und(mnd><(N—l))+1 9

Yarisma asamasinda, kerevitler birbirleriyle yarisirlar. Kerevit kendi X; konumunu, diger bir kerevitin X; konumuna gore
ayarlar. Bu sekilde konumlar ayarlanarak, COA'nin arama aralig1i genisletilir ve boylelikle algoritmanin kesif yetenegi
gelistirilmis olur.

) [ Magaranin konumu, iterasyon sayssmin artmastyla degisir

)| Magaranm konumu, iterasyon sayrsmm artmastyla degisir |
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Sekil 4. A) Kerevitler dogrudan magaraya girer. B) Kerevitler magaraya sahip olmak i¢in birbirleriyle yarisirlar [7].

2.7. Besin Arama Asamasi (Somiirii)

Bu asamada temp<30 oldugunda, sicaklik kerevitlerin beslenmesi i¢in uygundur ve bu asamada kerevit yiyecege dogru
hareket edecektir. Yiyecegi bulduktan sonra, kerevit yiyecegin biyiikliigiinii degerlendirecektir. Eger yiyecek ¢ok biiyiikse,
kerevit yiyecegi pengeleriyle yirtacak ve doniisiimlii olarak ikinci ve liglincii yiiriime ayaklariyla yiyecektir. Yiyecek konumu
Xpooa olarak Denklem (10)’a gore tanimlanir [7].

X pos = Xg (10)

Gida boyutu ise Q olarak Denklem (11)’e gore tanimlanmaktadir.

O=C,xrand x(ﬁlnessi /ﬁtnessﬁmd) (11)
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Denklemde C; besin faktoriidiir ve en biiyiik besini temsil eder ve degeri sabit olarak 3’tiir, fitness;, birinci kerevitin uygunluk
degerini ve fitnesss,oq ise besin konumunun uygunluk degerini temsil eder.

Kerevitin yiyecek boyutuna iliskin durumu en biiyiik yiyecegin boyutundan gelir. O>(Cs+1)/2 oldugunda, bu yiyecegin ¢cok
biiyiik oldugu anlamina gelir. Bu durumda Sekil 5.A’da gosterildigi gibi kerevit ilk pence ayagiyla yiyecegi yirtacaktir. Bu
yiyecege ait matematiksel ifade Denklem (12)’de tanimlanmistir [7].

1
Xﬁwd :eXp(_éJXXﬁmd (12)

Besin arama
asamasinda

Besin yemek icin ikinci ve
ficiincii pengelerini kullanir

Normal besin Birinci penge ile Bilylik besin
besinleri pargalama Besin

A (B)
Sekil 5. A) Kerevit yemekten once yiyecekleri parcalar. B) Kerevit dogrudan yemegini yer [7].

Yiyecek pargalandiginda ve kiigiildiigiinde, ikinci ve fiigiincii penceler doniisiimlii olarak yiyecegi alir ve agza koyar.
Alternatif islemi simiile etmek i¢in ise siniis fonksiyonu ve kosiniis fonksiyonunun kombinasyonu kullanilir. Ayrica Sekil 5.B'de
gosterildigi kerevit tarafindan elde edilen yiyecek ayni zamanda gida alimi ile de ilgilidir, bu nedenle yiyecek arama esitligi
Denklem (13)’te verilmistir [7].

X=X +X,, ><p><(cos(2><nxrand)—sin(Zxrcxrand)) (13)

Q<(Cs3+1)/2 oldugunda, kerevitin sadece yiyecege dogru hareket etmesi ve dogrudan yemesi gerekir, bu durum ise Denklem
(14)’te gosterilmistir.

Xl.’;.l:(X.’ Xﬁ}{m)xp+pxmnd><Xi’,f (14)

i

Besin arama asamasinda, kerevitler yiyeceklerinin Q boyutuna bagl olarak farkli besleme yontemleri kullanirlar ve yiyecek
Xpoa €n uygun ¢oziimili temsil eder. Besinin O boyutu kerevitin gida yemesi icin uygun oldugunda, kerevit yiyecege
yaklasacaktir. O degerinin ¢ok biiylik olmasi, kerevit ile optimal ¢éziim arasinda dnemli bir fark oldugunu gosterir. Bu nedenle
Xpwoa azaltilmali ve besine yaklastirilmalidir. Ayrica kerevit igin besin alimi gelistirme algoritmasinin rastgeleligi kontrol
edilmelidir. Besin arama asamasi boyunca, COA en uygun ¢dziime yaklasacak, algoritmanin yararlanma yetenegini gelistirecek
ve iyi bir yakinsama yetenegine sahip olmasini saglayacaktir [7].

2.8.  Algoritma Uygulamasi

Adim 1: Parametre tanitim ve popiilasyonun baslatilmasi

Iterasyon sayis1 7, popiilasyon sayis1 N, boyut dim, {ist smir ub ve alt siir /b'yi tanimlayarak {ist ve alt sinirlara dayali olarak
popiilasyon X'i baglatin. Popiilasyon baslatma adimi Denklem (2)’den elde edilir [7].

Adim 2: Sicakhik tanimi

Kerevitin bulundugu ortam sicakligi, COA’nin farkli asamalara girmesini saglamak i¢in Denklem (3)’e gore tanimlanir.
Adim 3: Yaz tatili asamasi ve yarisma agamasi

3.1. temp>30 ve rand<0,5 oldugunda, COA yaz tatili agamasina girer. Bu sirada COA, magara konumuna (Xsnase) ve kerevit

konumuna (X;;) gére yeni bir (X;;/*) konumu elde eder. Giincellenmis formiil Denklem (6)’daki gibi olur ve sonra 5. adima
gegilir.
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3.2. temp>30 ve rand>0,5 oldugunda, COA rekabet asamasina girer. Bu asamada, iki kerevit Denklem (8)’e gére magara icin

rekabet edecek ve magara pozisyonuna (Xuaa) ve iki kerevitin pozisyonuna (X;/, X./) gore yeni bir (X;/*') pozisyonu elde
edecektir ve sonrasinda 5. adima gegilir.

Adim 4: Yiyecek arama asamasi

4.1. temp<30 oldugunda, COA yiyecek arama asamasina girer, yiyecek alimi p ve yiyecek boyutu Q olmak iizere Denklem
(4) ve (11)’e gore tanimlanir.

4.2. O>(C;+1)/2 olur ise, besin Denklem (12)’ye gbre parcalanir. Bundan sonra ise Denklem (13) araciligiyla yeni konum
elde edilir ve adim S'e gegilir.

4.3. OQ<(Cs3+1)/2 olur ise, Denklem (14) araciligiyla yeni bir konum elde edilir ve 5. adima gegilir.

Adim 5: Degerlendirme asamasi

Bu asamada popiilasyon degerlendirilir ve dongiiden ¢ikip ¢ikilmayacagina karar verilir. Degilse, 2. adima geri doniiliir.
Admm 6: En iyi fitnessses: degerini ¢cikarma

2.9. COA’nin Sézde Kodu ve Akis Semasi

COA’nin sézde kodu asagidaki gibidir [7]:

Algoritma 1. COA Algoritmasinin sézde kodu [7]

Baslatma i¢in iterasyon sayist 7, popiilasyon sayist N ve boyut sayisi dim belirleme.
Rastgele bir baslangi¢ popiilasyonu olusturma.

Xg ve X degerleri elde etmek i¢in popiilasyonun uygunluk degerini hesaplama.

While t<T
Sicakligin Denklem (3) ile tanimlanmasi.
If temp>30
Magara yeri i¢in Xsqq.'1 Denklem (5)’e gore tanimlama.
If rand<0,5
Kerevit, yazlik tatil yeri arama asamasinit Denklem (6)’ya gore yiiriitiir.
Else
Kerevitler, Denklem (8) araciligiyla magaralar i¢in rekabet eder.
End
Else
Besin alim1 p ve besin biiyiikliigi O, Denklem (4) ve Denklem (11) ile elde edilir.
If O0>2

Kerevit yiyecekleri Denklem (12) ile pargalar.
Kerevit, Denklem (13)’e gore yiyecek arar.
Else
Kerevit, Denklem (14)’e gore yiyecek arar.
End
End
X ve X degerleri ile uygunluk degerlerini giincelleme.
=t+1
End

COA’nin akis semast Sekil 6’da gosterilmistir [7].
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Parametreleri ayarlayin ve Uygunluk degeri hesaplanir Denklem (3) ile sicaklik degeri

Basla popiilasyonu baslatin ve Xo ve Xi degerleri almnir temp olarak tanimlanir

Besin alimi p ve besin Hayir
0>2 biiyiikligii Q, Denlem (4) ve temp > 30
Denklem (11) ile elde edilir

Kerevit, besini Denklem Evet
(12)’ye gore parcalar

Yiyecek arama asamasi Hayir Evet
Kerevit, Denklem (13)’e Kerevit, Denklem (14)’e Magara Xonade Denklem (5)’e
gore yiyecek arar gore yiyecek arar gore tanimlanir

Kerevit, yazlik tatil beldesi asamasin1 Evet
Denklem (6)’ya gore yiiriitiir rand>05
Uygunluk degeri, Xc ve Xi . ;
degerleri giincellenir Yazlik tatil yeri asamas1
Hayr

Kerevitler Denklem (8) araciligiyla
magaralar igin rekabet eder.

Hayir
t>T

Evet

Bitir

Sekil 6. COA’nin akis semasi [7].

3. Sonuglar Karsilastirmak icin Secilen Diger Algoritmalar

Bu bolimde COA algoritmasi uygulanarak elde edilen sonuglari karsilastirmak icin kullanilan HHO, CSS ve BSA
algoritmalarinin yapilar1 orijinal kaynaklarindan alintilanarak kisaca 6zetlenmistir.

3.1.  Harris Sahin Optimizasyonu (HHQO) Algoritmasi

Bu algoritma, dogada iyi bilinen bir yirtict kus olan Harris sahinlerinin avlanma stratejisi benzetimi yapilarak olusturulmustur
[17, 18]. Harris sahinleri, diger yirtici kuslardan farkli olarak genellikle aile iiyeleriyle birlikte bir avi kesfetmek ve yakalamak
icin saldirirlar. Bu kus, potansiyel avi izleme, ¢evreleme, temizleme ve sonunda saldirma konusunda evrimlesmis yenilik¢i takim
kovalama yetenekleri gosterir. Bu akilli kuslar, lireme dist mevsimde birka¢ bireyden olusan aksam yemegi partileri
diizenleyebilirler. Yirtic1 kuglar aleminde gergek anlamda isbirlik¢i aveilar olarak bilinirler. Harris sahinleri avlanma siireglerinde
ozellikle tavsan avlama siirecinde siirii olarak hareket ederler. Siiriiniin bir lideri (en iyi sahin) bulunur, lider ve siiriiniin diger
iiyeleri oncelikle kesif uguslar1 yaparlar. Harris sahinleri, kosullarin dinamik dogasina ve bir avin kagis modellerine bagli olarak
cesitli kovalama stratejileri gosterebilirler. Bir degistirme taktigi, lider sahin avin {izerine egilip kayboldugunda ve kovalamaca
parti liyelerinden biri tarafindan stirdiiriildiigiinde gerceklesir. Bu durum kacan tavsani sasirtir, tavsani yorar ve onun
savunmasizligini artirir. Son olarak, genellikle en giiglii ve deneyimli olan sahinlerden biri yorgun tavsani zahmetsizce yakalayip
diger parti iiyeleriyle paylasir. Harris sahinlerinin bu 6zellikleri Heidari ve arkadaglari tarafindan 2019 yilinda haris sahinleri
optimizasyonu (harris hawks optimization, HHO) algoritmasi olarak modellenmistir [17]. HHO popiilasyon temelli bir
optimizasyon teknigi olup kesif, kesiften saldirtya ge¢is ve saldir1 asamalarindan olusur. HHO’da kesif asamasinda iki farkl
strateji olarak uygulanir. Kesiften saldiriya ge¢is asamasinda, avin kagma sirasinda enerjisinin azalmast durumuna karsilik Harris
sahinleri farkli saldirt davraniglart arasinda gegisler yapabilirler. Bu nedenle saldirt agamasi algoritmada yumusak, sert, kademeli
hizli dalislarla yumusak ve kademeli hizli daliglarla sert kusatma olmak {izere dort farkli strateji olarak modellenmigtir. HHO
algoritmasinin s6zde kodu Algoritma 2’de verilmistir [18].
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_Algoritma 2. HHO Algoritmasinin sézde kodu [17, 18]
Inputs: N popiilasyon biiyiikliigii ve maksimum iterasyon sayist 7.
Outputs: Tavsanin konumu ve tavsanin fitness degeri.
Rastgele bir popiilasyonu baslat. X;(i=1,2,...,N).
while (durdurma kriteri saglanmadiysa) do
Sahinlerin fitness degerlerini hesapla.
Xravpir tavsaninin konumunu ayarla (en iyi konum olarak).
for (her sahin (X;)) do
Baslangig enerjisi £y , sigrama giicti J ve E degerini giincelle.
if (|E|>1) then Kesif Asamasindaki Konum vektoriinii giincelle.
if (|E|<1) then (SOmiirii Asamasi)
if (r>0,5 ve |E[>0,5) then Yumusak Kusatma Konum vektoriinii giincelle.
else if (1>0,5 ve |E|<0,5) then Siki Kusatma Konum vektoriinii giincelle.
else if (r<0,5 ve |E[>0,5) then ilerleyici Hizli Dalmalarla Yumusak Kusatma Konum
vektoriinii giincelle.
else if (r<0,5 ve |E]<0,5) then ilerleyici Hizli Dalmalarla Siki Kusatma Konum vektdriinii
giincelle.
Return Xappir

3.2.  CSS Algoritmasi

Yikli Sistem Arama (CSS) algoritmasi, Kaveh ve Talatahari tarafindan gelistirilen bir meta-sezgisel optimizasyon
yontemidir. Algoritmanin temeli, Newton'un hareket yasalar1 ile elektrik fizigindeki Coulomb ve Gauss yasalarina dayanir. Bu
algoritmada, her bir ajan (¢6ziim aday), elektrik yiikli bir pargacik (charged particle-CP) olarak ele alinir. Her bir CP, Coulomb
ve Gauss yasalarina uygun sekilde diger yiikli pargaciklar iizerine elektriksel kuvvet uygular ve bu yiikli bir kiire seklinde
modellenir. Bu kuvvetin biiyiikliigi, kiire icindeki CP i¢in CP’ler arasindaki mesafeyle orantiliyken, kiirenin disinda bulunan bir
CP igin pargaciklar arasindaki mesafenin karesiyle ters orantilidir ve bu kuvvetler ¢ekici veya itici olarak ortaya g¢ikabilir. Arama
alanindaki CP’lerin baslangi¢ konumlart rastgele belirlenir. Genellikle g¢ekici olarak ¢ikan kuvvet, CP'leri arama alan1 iginde
belirli bir alanda toplarken, itici kuvvet CP’leri dagitmaya c¢alisir. Sonu¢ kuvvetleri ve hareket yasalari, CP’lerin yeni
konumlarmi belirler. Bu kurala gore, her CP, sonug kuvvetleri ve dnceki hiziyla yeni konumuna dogru hareket eder. Algoritma
bu sekilde optimizasyon siirecinin ilerlemesini saglar. Her CP, CP arama alanindan ¢ikarsa, konumu, uyum aramasina dayali
yaklagimla diizeltilir. Ayrica, en iyi sonuglari kaydetmek i¢in yiiklii bellek kullanilir. CSS algoritmasinin gelistirilmesi asagida
kisaca Ozetlenen sekiz kural iizerinden gerceklestirilmistir. CSS algoritmasinin bu kurallar ¢ercevesinde sozde kodu ise
Algoritma 3’te verilmistir [19, 20].

Kural 1: CSS bir dizi yiiklii pargacigi (CP) dikkate alir ve her bir CP’nin bir yiik biiyiikliigii olup uzay: etrafinda bir elektrik
alanini olusturur.

Kural 2: CP’lerin baslangi¢ konumlari arama uzayinda rastgele belirlenir.

Kural 3: Cekici kuvvetler cinsinden bakildiginda, herhangi bir CP bagka biri CP’yi etkileyebilir, yani kotii bir CP iyi bir
CP’yi etkileyebilir veya bunun tersi de gecerlidir. Tyi bir CP kétii bir CP’yi de ¢ekebilir.

Kural 4: Bir CP iizerinde etkili olan sonug elektrik kuvvetinin degeri, ajanlarin birbirinden uzak oldugu ilk iterasyonda, bir
CP {izerinde etkili olan sonug¢ kuvvetinin biiyiikliigii, parcaciklar arasindaki ayrimin karesiyle ters orantilidir. Fakat CP’lerin
kiiciik bir alanda toplandig1 ve CP’ler arasindaki ayrimin kiigiik oldugu durumlarda ise ayrim mesafesinin karesiyle ters orantili
olmak yerine pargaciklarin ayrim mesafesiyle orantili hale gelir.

Kural 5: Her bir CP’nin yeni konumu ve hizi her iterasyonda giincellenir.

Kural 6: Hesaplama maliyetini artirmadan algoritma performansini iyilestirebilmek i¢in en iyi CP vektorlerini ve ilgili amag
fonksiyon degerlerini kayit altina alabilen bir yiiklii bellek (charged memory, CM) kullanilmalidir.

Kural 7: Bircok meta-sezgisel algoritmada oldugu gibi CSS’de de iki biiyiik sorun vardir. Bu sorunlardan birincisi aramanin
basinda, sirasinda ve sonunda kesif ve kullanim (exploitation) arasindaki denge ve ikincisi ise degiskenlerin sinirlarini ihlal eden
bir etkenle nasil basa cikilacag konusudur. Ilk sorun, yukarida belirtilen kurallarin uygulanmasiyla dogal olarak ¢oziiliir. Ancak
ikinci sorunu ¢ézmek icin en basit yaklasimlardan biri, ihlal edilen degisken igin en yakin sinir degerlerini kullanmaktir. Ihlali
gerceklestiren parcacigi onceki konumuna geri dondiirmek bazen zor olabilir. Bu durumda alternatif olarak degisken sinirlarini
ihlal eden ¢6ziim vektoriiniin herhangi bir bileseni CM’den yeniden {iretilebilir.

Kural 8: Algoritmayi sonlandirma kriterleri olarak maksimum yineleme sayisi, iyilestirme olmayan yineleme sayisi,
minimum amag fonksiyonu hatasi ve son olarak en iyi ve en kotii CP’ler arasindaki fark islemlerinden birisi kullanilir.
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_Algoritma 3. CSS Algoritmasinin sdzde kodu [19, 20]
Seviye 1: Baslatma
e Adim 1: Baslatma.
CSS algoritma parametrelerini baslatin; Rastgele konumlara ve iliskili hizlara sahip Yiikli
Pargaciklar dizisini baslatin (Kural 1 ve 2).
* Adim 2: CP siralamasi.
CP’ler i¢in uygunluk fonksiyonunun degerlerini degerlendirin, birbirleriyle karsilastirin ve artan
sekilde siralayin.
e Adim 3: CM olusturma.
CM’deki ilk CP’lerin CMS numarasini ve hedef fonksiyonunun iligkili degerlerini saklayin.
Seviye 2: Arama
e Adim 1: Cekim kuvveti belirleme.
Her bir CP’yi digerlerine dogru hareket ettirme olasiligini belirleyin (Kural 3) ve her CP igin
¢ekim kuvveti vektoriinii hesaplayin (Kural 4).
e Adim 2: Céoziim olusturma.
Her bir CP’yi yeni konuma tasiyin ve hizlari bulun (Kural 5).
* Adim 3: CP konum diizeltmesi.
Her CP izin verilen arama alanindan ¢ikarsa, Kural 7’yi kullanarak konumunu diizeltin.
* Adim 4: CP siwralamast.
Yeni CP’ler igin hedef fonksiyonunun degerlerini degerlendirin ve karsilastirin ve bunlari artan
sekilde siralayin.
* Adim 5: CM giincellemesi.
Bazi yeni CP vektorleri CM’deki en kotii vektorlerden daha iyiyse, daha iyi vektorleri CM’ye
dahil edin ve en kotii olanlart CM’den ¢ikarin (Kural 6).
Seviye 3: Sonlandirma Kriteri kontrolii
* Sonlandirma kriteri karsilanana kadar arama seviyesi adimlarini tekrarlaym (Kural 8).

3.3. BSA Algoritmasi

BSA algoritmasi, optimizasyon problemlerinde yerel c¢oziimlerden siyrilarak kiiresel ¢oziimler bulmayr hedefler.
Algoritmanin igleyisi, baslangi¢ degerlerinin atanmasi, ilk se¢im agsamasi, mutasyon, ¢aprazlama ve son se¢im asamasi gibi bes
ana adima dayanmaktadir. {lk degerin verilmesi asamasinda popiilasyon biiyiikliigii, problemin boyutu, popiilasyon igerisindeki
bir hedef birey ve son olarak da ¢dziim uzayindaki en alt ve en iist sinir degerleri belirlenir. Birinci se¢im agsamasinda arama
yOniinil hesaplamak i¢in algoritmanin tarihsel popiilasyonu belirlenir. Bdylece, BSA algoritmasi ge¢cmiste elde edilen degerleri,
bir sonraki karar alma mekanizmasinda kullanilmak iizere hafizaya alir. Tarihsel popiilasyonunun belirlenmesiyle birlikte
popiilasyon tiyeleri rastgele olarak yeniden siralanir. Mutasyon asamasinda, mutant popiilasyonunun ilk degerleri hesaplanir.
Caprazlama agamasinda, popiilasyonun son durumu degerlendirmeye alinir. Bu agamada, optimizasyon problemine gore yiiksek
performans gosteren popiilasyon iyeleri, hedef popiilasyon bireylerini belirlemek amaciyla segilir. BSA algoritmasi ayrica,
mutasyon gegiren bireylerin ¢dziim uzaymmn disina ¢ikmasini énlemek i¢in bir simrlandirma mekanizmasi kullanir. Ikinci se¢im
asamasinda, popiilasyon giincellenir ve en iyi birey secilir. Her iterasyon dongiisiinde, mevcut kiiresel en iyi deger tiim
popiilasyon bireyleriyle karsilastirilir. Eger herhangi bir bireyin amag fonksiyonu degeri, mevcut kiiresel en iyiden daha iistiinse,
yeni kiiresel en iyi deger bu bireyin bulundugu konum olur. BSA algoritmasinin s6zde kodu Algoritma 4’de verilmistir [13].

Algoritma 4. BSA Algoritmasinin sdzde kodu [13]
Input: ObjFun, N, D, maxcycle, mixrate, low;.p, up;.p
Output: globalminimum, globalminimizer
/I rnd ~ U(0,1), rndn ~ N(0,1), w=rndint(-), rndint(-) ~U(1,") | w € {1, 2, 3,...,-N}
function bsa(ObjFun, N, D, maxcycle, low, up)
// BASLANGIC
globalminimum=inf
for i from 1 to N do
for j from 1 to D do
P; =rnd(up;-lowj)+lowj // Popiilasyonun baslatilmasi, P.
oldP; =rnd(up;-lowj)+lowj // oldP’nin baslatilmasi, oldP.
end
fitnessP=ObjFun(P;) // P'nin ilk uygunluk degerleri.
end
for iteration from 1 to maxcycle do
// SECIM-I
if (a<b | a, b ~ U(0,1)) then 0ldP:=P end
oldP-=permuting(oldP) // ‘etkileme’; oldP igindeki iki bireyin pozisyonlarini rasgele
degistirme.
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Deneme Popiilasyonunun Olusturulmasi
// MUTASYON
mutant=P+3-rndn-(0ldP-P)
/l CAPRAZLAMA
map;.n, 1:p=1 // Baslangi¢ haritasi birlerden olusan N x D matrisidir.
if (c<d | ¢, d ~ U(0,1)) then
for i from 1 to N do
MaP;u(1:fmivratena-nj= 0 | u=permuting(1,2,3,...,D)
end
else
for i from 1 to N do, map; anaipy=0, end
end
// Deneme Popiilasyonu Uretimi, T
T:=mutant
for i from 1 to N do
for j from 1 to D do
if maprZI then ﬂJI:PfJ
end
end
// Smir Kontrol Mekanizmasi
for i from 1 to N do
for j from 1 to D do
if (T3 ;<low;) or (T;;>up;) then
Tij=rnd-(up;-low;)+low;
end
end
end
end
/I Se¢im-II
fitnessT=0bjFun(T)
for i from 1 to N do
if fitnessT;<fitnessP; then
fitnessP;:=fitnessT;
P=T;
end
end
fitnessPpes=min(fitnessP) | best € {1,2,3,...,N}
if fitnessPresi<globalminimum then
globalminimum:=fitnessPbest
globalminimizer=Ppes
// Global minimum ve global minimizer disar1 aktarilir.
end
end

4. Test Fonksiyonlar

Bu ¢alismada test fonksiyonu olarak degisken boyutlu fonksiyonlar kapsaminda f; fonksiyonu unimodal (Elliptic Fonksiyon),
f>f7 aras1 fonksiyonlar multimodal (Non-Continuous Rastrigin, Alpine, Levy, Weierstrass, Michalewicz, Dixon&Price
Fonksiyonlar1) ve sabit boyutlu fonksiyonlar kapsaminda ise fs-fi9 arasi fonksiyonlar (Schaffer, Himmelblau ve Kowalik
Fonksiyonlari) olmak tizere 10 adet test fonksiyonu se¢ilmistir. Segilen fonksiyonlarin grafikleri, temel 6zellikleri ve esitlikleri
asagidaki gibi Tablo 1°de gosterilmistir.

Bu ¢aligmada yer alan test fonksiyonlarinin COA ile ¢6ziimiinde elde edilen sonuglarini karsilastirmak i¢in HHO, CSS ve
BSA algoritmalar1 kullanilmistir. Algoritmalarin performans, yakinsama, kararlilik ve hiz agisindan degerlendirilmesi igin test
fonksiyonlarmin sonuglarinin degerlendirilmesi, test fonksiyonlarinin boyutlarina goére 30, 50, 100 ve sabit boyutlu olmak tizere
dort alt baglik altinda ayr1 ayr1 yapilmistir.

COA algoritmasinin performansini en iist diizeye ¢ikarmak igin etkili bir sekilde tahmin edilmesi gereken kerevitlerin farkli
sicakliklarda besin alimini kontrol etmek i¢in kullanilan ¢ ve C;, kerevit i¢in en uygun sicaklik degerini ifade eden x degeri ve
besin faktorii olup en biiyiik besini temsil eden C; olmak iizere dort adet parametresi vardir. Yapilan ¢aligmalar sonucunda bu
parametrelerin en iyi degerlerinin, o i¢in 3, C; igin 0,2, u i¢in 25 ve Cj; i¢in ise 3 oldugu sonucuna varilmigtir [7]. Caligmada
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iterasyon sayist olarak tim algoritmalar ve tiim test fonksiyonlart igin 500 (15000 fonksiyon ¢agirimi, FCall) alinmigtir. Bu
calismada kullanilan tiim algoritmalara ait kullanilan parametre degerleri Tablo 2’de verilmistir. Algoritmalarin test
fonksiyonlaria uygulanmasi i¢in Intel(R) Core(TM) i5-6200U CPU @ 2.30GHz islemcili ve 6 GB RAM bellekli is istasyonu
kullanilarak MATLAB R2024a’da program gelistirilmig ve her bir fonksiyon i¢in 30’ar kez kosturulmustur.

Tablo 1. f1-f10 fonksiyonlarina ait 6zellikler

Boyut Aralik f mfn
< . Dege
Sayisi Degerleri M
Elllptlc N B . i—ll
Function, (-100, 100) 0 ;(10 ) X x?
Non- Z[x —10cos (27 +10],
Continuous "
Rastrigin (-5.12,5.12) 0 .
Function eger ‘x ‘ >0.5 ise round(2-x;)/2
Alpine
- " 0.1
Function (-10, 10) 0 fi(x)= Z‘x sin(x;,)+ x,\
a1 (w, - 1) [1+105m (7w, +1)]
L 30, 50, fi(x)=sin® (7w, +Z
vy 100 (-10, 10)" 0 2 (o, 1) [1+sin (2w,)]
Function
x —1
, w=1+-
\K;eizri‘;rfs (:0.5,0.5)" 0 fi(x) i{;a cos(27b* (x,+0.5) )}dga"cos(z;rb")
e ,a=05,b=3k, =20
Michalewic . o 2m ]
z Function (0, m) 0 ZSIH (x,) [Sln[ . D , m=10
Dixon&Pri S I 2
- " =(x -1 (207 - x,
ce Function (-10, 10) 0 5 (x)=(x-1) +;’ (27 .,
sin® (x* +y* P05
Schaffer 2 (-100, 100y | 0 fi(x2)=05+ #
Function s 0.00I(x' N y2)
Himmelbla N , i 2 , oy
u Function 2 (-3,3) 0 fo(xy)=(x"+y-11) +(x+)"=7)
f X1 %55 x3’x4 ] |:a/< b +X2 :| )
lik ~ wrt b +x +X
rowal 4 (-5, 5)" 0.000 0.1957,0.1947,0.1735,0.16,0.0844,
Function _ ’
3075 0.627,0.456,0.342,0.323,0.235,0.246
:[0.25,0.5,1,2,4,6,8,10,12,14,16]

Tablo 2. Calismada kullanilan algoritmalara ait parametreler

Iterasyon sayist PopN FCall Boyut sayist
500 40 15000 2-4-30-50-100
coA HHO CSS BSA

o 3 E [0,2] r 0,01 mixrate 2
Ci 0,2 J [0,2] Start ky 0.5

Hu 25 Finish kv 0,3

C; 3 Start ka 0,5

Finish k. 0,5

4.1.  Boyutu 30 Olan Test Fonksiyonlari i¢cin

Bu boliimde 30 boyuttaki f;-f7 arasi test fonksiyonlar1 COA, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢6ziilmiis ve elde
edilen kutu grafikleri Sekil 7-13 aras1 ve yakinsama egrileri ise Sekil 14-20 arasinda gosterilmistir. Tiim algoritmalara gore
bulunan sonuglar en koétii, ortalama, en iyi, standart sapma ve siire olarak Tablo 3’de verilmistir.
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Sekil 7-20 aras1 gosterilen 30 boyuttaki f;-f; arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f; ve f> test fonksiyonlari igin Sekil 7-8’de COA ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklari ve Sekil 14-15de ise COA’nin HHO’ya gore daha hizli bir sekilde
yakinsayarak en iyi performanslar1 gosterdigi goriilmektedir. f3 test fonksiyonu icin Sekil 9°da COA, HHO ve BSA
algoritmalariin iyi bir dagilima sahip olduklar1 ve Sekil 16’da ise COA’nin HHO’ya gore daha iyi performans gosterdigi
sOylenebilir. f; test fonksiyonu igin Sekil 10°’da HHO algoritmasimin en iyi dagilima sahip oldugu ve Sekil 17°de ise CSS
algoritmasinin HHO, BSA ve COA’ya gore daha iyi performans gosterdigi ifade edilebilir. f5 test fonksiyonu igin Sekil 11°de
COA ve HHO algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 18’de ise COA algoritmasinin en iyi performansi
gostererek en iyi yakimsamaya sahip oldugu goriilmektedir. f5 test fonksiyonu igin Sekil 12°de COA, HHO ve BSA
algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 19°da ise HHO algoritmasinin COA’ya gore en az iterasyonla
yakinsadig1 sdylenebilir. f7 test fonksiyonu igin Sekil 13’te COA, HHO ve CSS algoritmalarinin iyi bir dagilima sahip olduklart
ve Sekil 20°de ise HHO algoritmasinin COA’ya gore daha hizli yakinsadigi ifade edilebilir.
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Tablo 3. Algoritmalarin 30 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz calisma)
coA HHO cSS BSA
EnKotii 0.000000000e+00 | 3.70795912e-272 | 2.593443940e+04 | 1.884212242e+03
Ortalama 0.000000000e+00 | 1.23598743e-273 | 6.016533696e+03 | 2.545157701e+02
fi Eniyi 0.000000000e+00 | 5.15654145e-298 | 2.441273321e+02 | 1.773107676e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 6.840519185e+03 | 3.622092889¢+02
Siire (s) 0.256895 0.211738 0.472049 0.158166
EnKotii 0.000000000e+00 | 0.000000000e+00 | 2.162244480e+02 | 2.779835658e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 7.749024028e+01 | 2.089370677¢+01
I Eniyi 0.000000000e+00 | 0.000000000e+00 | 7.640420598e+00 | 1.630163451e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 6.749270924e+01 | 2.656748937¢+00
Siire (s) 0.0940452 0.167277 0.475873 0.105965
EnKotii 0.000000000e+00 | 5.14554882e-157 | 1.340737322e+00 | 1.960382296e-02
Ortalama 0.000000000e+00 | 3.25080897e-158 | 6.553980269e-01 | 5.083291179e-03
i Eniyi 0.000000000e+00 | 1.31674151e-172 | 1.131546252e-01 | 2.038355882¢-03
StdSapma 0.000000000e+00 | 9.88896553e-158 | 3.244607945e-01 | 3.216886321e-03
Siire (s) 0.15302 0.0967534 0.373527 0.113696
EnKotii 2.966732639e+01 | 7.149647793e-03 | 1.664973966e+00 | 3.247722878e-01
Ortalama 1.927885845e+01 | 8.214041140e-04 | 1.258813204e-01 | 3.014839083e-02
f4 Eniyi 1.325766679e+01 | 3.956924182e-06 | 1.211753808e-16 | 1.329231841e-04
StdSapma 3.307148960e+00 | 1.584175480e-03 | 3.130086335e-01 | 6.827050649¢-02
Siire (s) 0.126064 0.230745 0.462959 0.0940044
EnKotii 0.000000000e+00 | 0.000000000e+00 | 4.279579138e+00 | 7.339623406e-01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.751326142e+00 | 2.783378629¢-01
f5 Eniyi 0.000000000e+00 | 0.000000000e+00 | 3.684543025e-01 | 1.684119921e-01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 9.606739882e-01 | 1.129142690e-01
Siire (s) 3.19492 3.53288 2.09585 1.81953
EnKotii 0.000000000e+00 | 0.000000000e+00 | 1.994312920e+00 | 2.492185246e-08
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.548527086e+00 | 8.307286831e-10
e Eniyi 0.000000000e+00 | 0.000000000e+00 | 9.106032516e-01 | 1.434947756e-23
StdSapma 0.000000000e+00 | 0.000000000e+00 | 2.966525027e-01 | 4.473609377e-09
Siire (s) 0.256032 0.376848 0.489844 0.197483
EnKotii 6.666723995¢e-01 | 2.250845284e-01 | 1.627529292e+00 | 9.855168948e+00
Ortalama 6.666671711e-01 | 1.154940209e-01 | 7.133118136e-01 | 4.405471984e+00
N id Eniyi 6.666666803e-01 | 2.882321837e-02 | 6.666669529¢-01 | 7.178599397e-01
StdSapma 1.067304732e-06 | 4.662332810e-02 | 1.752551541e-01 | 2.001336416e+00
Siire (s) 0.0593848 0.135372 0.345279 0.0564814

Tablo 3 incelendiginde COA algoritmasinin f;, /2, f3, f5, ve fs’da en iyi ¢6ziim noktalarinda, diger fonksiyonlarda ise HHO ve
CSS algoritmalarinin en iyi degerleri yakaladiklar1 goriilmektedir. Ortalama siire agisindan ise COA algoritmasinin en iyi siirede
f>’de oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durum f; i¢in ortalama degerler ve standart sapmalar
acisindan karsilastirildiginda ise, COA algoritmasindan daha iyi degerlere sahip oldugu goriilmektedir. CSS algoritmalarinin en
iyi degeri yakaladig1 durum f7icin ortalama degerler acisindan karsilastirildiginda COA algoritmasindan daha iyi degerlere sahip
oldugu ve standart sapmalar agisindan karsilagtirildiginda ise, COA algoritmasindan daha kotii degerlere sahip oldugu
goriilmektedir.

4.2.  Boyutu 50 Olan Test Fonksiyonlar: i¢in

Bu boliimde 50 boyuttaki f;-f7 arasi test fonksiyonlart COA, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢6ziilmiis ve elde
edilen kutu grafikleri Sekil 21-27 aras1 ve yakinsama egrileri ise Sekil 28-34 arasinda gosterilmistir. Tiim algoritmalara gore
bulunan sonuglar en koétii, ortalama, en iyi, standart sapma ve siire olarak Tablo 4’te verilmistir.
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Sekil 21-34 arasi gosterilen 50 boyuttaki f;-f; arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek su degerlendirmeleri yapabiliriz. f; ve f> test fonksiyonlar i¢in Sekil 21-22’de COA ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklari ve Sekil 28-29°da ise COA’nin HHO’ya gore daha hizli bir sekilde
yakinsayarak en iyi performanslari gosterdigi goriilmektedir. f; test fonksiyonu igin Sekil 23’te COA ve HHO algoritmalarinin
iyi bir dagilimlara sahip olduklart ve Sekil 30°da ise COA’nin HHO’ya gore daha iyi performans gosterdigi sdylenebilir. f; test
fonksiyonu i¢in Sekil 24’de HHO algoritmasinin en iyi dagilima sahip oldugu ve Sekil 31°de ise CSS algoritmasinin HHO, BSA
ve COA’ya gore daha iyi performans gosterdigi ifade edilebilir. f5 test fonksiyonu i¢in Sekil 25’de COA ve HHO
algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 32’de COA algoritmasinin en iyi performansi gostererek en iyi
yakmsamaya sahip oldugu gortilmektedir. fs test fonksiyonu icin Sekil 26°’da COA, HHO ve BSA algoritmalarinin iyi bir
dagilima sahip olduklar1 ve Sekil 33’te ise HHO algoritmasinin COA’ya gore daha iyi yakinsadigt soylenebilir. f7 test fonksiyonu
icin Sekil 27°de COA ile HHO algoritmalarinin iyi bir dagilima sahip olduklari ve Sekil 34’te ise COA algoritmasinin HHO’ya

gore daha hizli yakinsadig1 ifade edilebilir.



111

Tablo 4. Algoritmalarin 50 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz caliyma)
co4a HHO CSS BSA
EnKotii 0.000000000e+00 | 6.41821678e-277 | 2.871426770e+04 | 1.996977551e+05
Ortalama 0.000000000e+00 | 2.20543306e-278 | 8.524039799e+03 | 6.290995202e+04
fi Eniyi 0.000000000e+00 | 2.17773195e-296 | 1.697173203e+03 | 2.110301964e+04
StdSapma 0.000000000e+00 | 0.000000000e+00 | 6.795176549e+03 | 3.691009619¢+04
Siire (s) 0.471005 0.351729 0.637389 0.267548
EnKoétii 0.000000000e+00 | 0.000000000e+00 | 4.193025502e+02 | 7.066658934e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.573648572e+02 | 5.548026066e+01
I Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.232521178e+01 | 4.088485310e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.351401446e+02 | 7.210412241e+00
Siire (s) 0.182929 0.438639 0.778613 0.197815
EnKoétii 0.000000000e+00 | 2.58990167e-156 | 4.597241239e+00 | 6.412854319¢-01
Ortalama 0.000000000e+00 | 2.74891215e-157 | 1.392081202e+00 | 2.096120013e-01
f3 Eniyi 0.000000000e+00 | 1.71220704e-165 | 2.383582911e-01 | 7.118716159e-02
StdSapma 0.000000000e+00 | 5.88289395e-157 | 8.580532196e-01 | 1.223659873e-01
Siire (s) 0.206014 0.119756 0.526845 0.131693
EnKoétii 4.949886465e+01 | 8.679383717e-03 | 1.441088269e+00 | 2.668654382e+00
Ortalama 4.221783959e+01 | 8.525003795e-04 | 1.655641668e-01 | 1.282638371e+00
fi Eniyi 3.518430004e+01 | 1.199906907e-06 | 1.475388260e-10 | 4.569776301e-01
StdSapma 3.207264279e+00 | 1.792242215e-03 | 3.586133844e-01 | 5.898837705e-01
Siire (s) 0.157499 0.384402 0.538354 0.157207
EnKoétii 0.000000000e+00 | 0.000000000e+00 | 9.318741365e+00 | 9.734084080e+00
Ortalama 0.000000000e+00 | 0.000000000e+00 | 4.578699805e+00 | 4.603357036e+00
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.381571537e+00 | 2.590997463e+00
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.722825154e+00 | 1.617311691e+00
Siire (s) 5.16284 6.3429 3.4381 2.81924
EnKotii 0.000000000e+00 | 0.000000000e+00 | 4.015088642e+00 | 3.324551946e-05
Ortalama 0.000000000e+00 | 0.000000000e+00 | 3.154592879e+00 | 4.914669733e-06
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 2.060935886e+00 | 1.497777627¢e-16
StdSapma 0.000000000e+00 | 0.000000000e+00 | 4.645106288e-01 | 8.646844487¢-06
Siire (s) 0.436154 1.04624 0.745826 0.327373
EnKoétii 6.666934079¢-01 | 2.497433539e-01 | 5.248177066e+00 | 1.326534283e+02
Ortalama 6.666766758e-01 | 1.629861398e-01 | 8.463822177e-01 | 4.607752485e+01
f Enlyi 6.666674653e-01 | 7.391894133e-02 | 6.666703273e-01 | 2.138019777e+01
StdSapma 7.824743661e-06 | 4.287515677e-02 | 8.193092468e-01 | 2.134020147e+01
Siire (s) 0.0834142 0.242556 0.517351 0.078468

Tablo 4 incelendiginde COA algoritmasinin f;, f2, f3, f5 ve fs’da en iyi ¢dziim noktalarinda, diger fonksiyonlarda ise HHO ve
CSS algoritmalarimin en iyi degerleri yakaladiklar1 goriilmektedir. Ortalama siire agisindan da COA algoritmasinin en iyi siirede
f2’de oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durum f; i¢in ortalama degerler ve standart sapmalar
acisindan karsilastirildiginda ise, COA algoritmasindan daha iyi degerlere sahip oldugu goriilmektedir. CSS algoritmalarinin en
iyi degeri yakaladig1 durum f7icin ortalama degerler acisindan karsilastirildiginda COA algoritmasindan daha iyi degerlere sahip
oldugu ve standart sapmalar agisindan karsilagtirildiginda ise, COA algoritmasindan daha kotii degerlere sahip oldugu
goriilmektedir.

4.3.  Boyutu 100 Olan Test Fonksiyonlar: i¢in

Bu béliimde 100 boyuttaki f;-f7 arasi test fonksiyonlart COA, HHO, CSS ve BSA algoritmalariyla 30’ar kez ¢6ziilmiis ve elde
edilen kutu grafikleri Sekil 35-41 aras1 ve yakinsama egrileri ise Sekil 42-48 arasinda gosterilmistir. Tiim algoritmalara gore
bulunan sonuglar en koétii, ortalama, en iyi, standart sapma ve siire olarak Tablo 5’te verilmistir.
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Sekil 35-48 aras1 gosterilen 100 boyuttaki f;-f; arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. f; ve f test fonksiyonlart i¢in Sekil 35-36’da COA ve HHO algoritmalarinin
digerlerine gore iyi bir dagilimlara sahip olduklart ve Sekil 42-43’te ise COA’nin HHO’ya goére daha hizli bir sekilde
yakinsayarak en iyi performanslar1 gosterdigi goriilmektedir. f; test fonksiyonu i¢in Sekil 37°de COA ve HHO algoritmalarinin
iyi bir dagilimlara sahip olduklart ve Sekil 44’te ise COA’nin diger algoritmalara gore daha iyi performans gosterdigi
sOylenebilir. f; test fonksiyonu i¢in Sekil 38’de HHO ve CSS algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 45°de ise
HHO, CSS ve BSA algoritmalarinin COA’ya gore daha iyi performans gosterdigi ifade edilebilir. f5 test fonksiyonu icin Sekil
39°da COA ve HHO algoritmalarinin iyi bir dagilima sahip olduklar1 ve Sekil 46°da ise COA’nin diger algoritmalara gore daha
iyi performans gosterdigi sOylenebilir. f5 test fonksiyonu igin Sekil 40’da HHO, BSA ile COA algoritmalarinin iyi bir dagilima
sahip olduklar1 ve Sekil 47°de ise HHO algoritmasinin COA’ya gore daha iyi performans gosterdigi ifade edilebilir. f7 test
fonksiyonu i¢in Sekil 41°de COA, HHO ve CSS algoritmalarinin iyi bir dagilima sahip olduklari ve Sekil 48’de ise HHO
algoritmasimin COA’ya gore daha hizli yakinsadigi ifade edilebilir.
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Tablo 5. Algoritmalarin 100 Boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz caliyma)

co4 HHO (WY BSA
EnKoti 0.000000000e+00 | 4.94197136e-276 | 8.392134107e+05 | 3.008172789¢e+07
Ortalama 0.000000000e+00 | 1.70090182¢-277 | 1.017145069¢+05 | 8.117098571e+06
fi Enlyi 0.000000000e+00 | 2.27855811e-295 | 8.149396871e+03 | 2.257152310e+06
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.773132206e+05 | 5.553688722e+06
Siire (s) 0.903167 0.607552 0.903743 0.447395
EnKoti 0.000000000e+00 | 0.000000000e+00 | 7.754217525e+02 | 2.910749230e+02
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.035094238e+02 | 2.293255475e+02
f2 Eniyi 0.000000000e+00 | 0.000000000e+00 | 9.142990366e+00 | 1.585523854e+02
StdSapma 0.000000000e+00 | 0.000000000e+00 | 1.714588525e+02 | 3.282452937e+01
Siire (s) 0.195455 0.348959 0.619033 0.198577
EnKoti 0.000000000e+00 | 1.27449386e-154 | 6.093792619¢+00 | 1.301058367e+01
Ortalama 0.000000000e+00 | 7.49256779¢-156 | 3.206623703e+00 | 8.549302892e+00
fi Eniyi 0.000000000e+00 | 7.94069719¢-164 | 2.101854071e-02 | 4.532600510e+00
StdSapma 0.000000000e+00 | 2.71506276e-155 | 1.670842189¢+00 | 1.811710678e+00
Siire (s) 0.3144 0.12431 0.565801 0.121941
EnKoti 9.933918986e+01 | 1.654379434e-02 | 2.015888167e+00 | 7.097438424e+01
Ortalama 9.350822820e+01 | 1.220085645¢-03 | 5.124034157e-01 | 4.903051232e+01
f1 Eniyi 8.867370472e+01 | 3.046131352e-07 | 1.018482902e-03 | 2.898540536e+01
StdSapma 2.944243084e+00 | 2.940982370e-03 | 6.374421062¢-01 | 1.207821902e+01
Siire (s) 0.215774 0.41846 0.624653 0.17086
EnKoti 0.000000000e+00 | 0.000000000e+00 | 1.952937480e+01 | 3.663805112e+01
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.428026756e+01 | 3.255078018e+01
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.125964899¢+01 | 2.462647426e+01
StdSapma 0.000000000e+00 | 0.000000000e+00 | 2.415380110e+00 | 2.888057420e+00
Siire (s) 9.12338 10.1082 5.44946 4.96749
EnKoti 0.000000000e+00 | 0.000000000e+00 | 8.801297790e+00 | 9.096605556¢-02
Ortalama 0.000000000e+00 | 0.000000000e+00 | 7.552437615e+00 | 4.562120093e-02
fs Eniyi 0.000000000e+00 | 0.000000000e+00 | 6.659663915e¢+00 | 5.905831101e-03
StdSapma 0.000000000e+00 | 0.000000000e+00 | 5.942220006e-01 | 2.107831378e-02
Siire (s) 0.795862 1.12568 1.01241 0.581091
EnKoti 6.670067579¢-01 | 2.508023605¢-01 | 3.567204171e+01 | 9.275321920e+03
Ortalama 6.667310859¢-01 | 1.803532231e-01 | 1.047601157e+01 | 4.037083487¢+03
f Enlyi 6.666766668¢-01 | 1.227066305¢-01 | 9.270521615e-01 | 1.184919624¢+03
StdSapma 6.842054084¢-05 | 3.725655588e-02 | 8.010874527e+00 | 2.091156085¢+03
Siire (s) 0.152208 0.289212 0.651036 0.116422

Tablo 5 incelendiginde COA algoritmasinin f;, f>, f3, f5 ve fs’da en iyi ¢6ziim noktalarinda, diger fonksiyonlarda ise HHO
algoritmasinin en iyi degeri yakaladiklar1 goriilmektedir. Ortalama siire agisindan da COA algoritmasimin en iyi slirede f>’de
oldugu goriilmektedir. HHO algoritmasinin en iyi degeri yakaladigi durum f;’de ortalama degerler ve standart sapmalar agisindan
karsilastirildiginda ise, COA algoritmasindan daha iyi degerlere sahip oldugu goriilmektedir. HHO algoritmasinin en iyi degeri
yakaladig1 durum f7’de ortalama degerler acisindan karsilagtirildiginda COA algoritmasindan daha iyi degerlere sahip oldugu ve
standart sapmalar acisindan karsilastirildiginda ise, COA algoritmasindan daha kotii degerlere sahip oldugu goriilmektedir.

4.4.  Sabit Boyutlu Test Fonksiyonlari i¢cin

Bu boliimde 2 boyuttaki fs ve fo, 4 boyuttaki fy test fonksiyonlar1 COA, HHO, CSS ve BSA algoritmalariyla 30’ar kez
¢oziilmiis ve elde edilen kutu grafikleri Sekil 49-51 arasi ve yakinsama egrileri ise Sekil 52-54 arasinda gosterilmigtir. Tiim
algoritmalara gére bulunan sonuglar en kotii, ortalama, en iyi, standart sapma ve siire olarak Tablo 6’da verilmistir.
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Sekil 49-54 aras1 gosterilen sabit boyuttaki fs-f;9 arasi test fonksiyonlarinin kutu grafikleri ve yakinsama egrilerini birlikte
inceleyerek asagidaki degerlendirmeleri yapabiliriz. fs test fonksiyonu i¢in Sekil 49°da COA ve HHO algoritmalarinin digerlerine
gore iyi bir dagilimlara sahip olduklar1 ve Sekil 52°de ise COA’nin HHO’ya goére daha hizli bir sekilde ayni degere
yakinsadiklar1 goriilmektedir. f test fonksiyonu i¢in Sekil 50’de COA, HHO ve BSA algoritmalarinin iyi bir dagilimlara sahip
olduklar1 ve Sekil 53’te ise CSS ve HHO algoritmalarinin COA’ya gdre daha hizli ve fakat tiim algoritmalarin ayni degere
yakinsadiklari sdylenebilir. f9 test fonksiyonu igin Sekil 51°de HHO ve COA algoritmalariin digerlerinden daha iyi bir dagilima
sahip oldugu ve Sekil 54°te ise HHO algoritmasinin COA’ya gore daha hizli yakinsama degerine sahip oldugu ifade edilebilir.

Tablo 6 incelendiginde COA algoritmasinin f, ve fo’da en iyi ¢6ziim noktalarinda, diger fonksiyonda ise BSA algoritmasinin
en iyi degeri yakaladiklar1 goriilmektedir. Ortalama siire agisindan da COA algoritmasinin en iyi siirede fs, fo ve fip’da oldugu
goriilmektedir. BSA algoritmasinin en iyi degeri yakaladigi durum f} i¢in ortalama degerler agisindan karsilastirildiginda COA
algoritmasindan daha iyi oldugu ve standart sapmalar agisindan karsilastirildiginda ise COA algoritmasindan daha kotii degerlere
sahip oldugu goriilmektedir.
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Tablo 6. Algoritmalarin Sabit boyutlu test fonksiyonlarina uygulanmasi durumunda sonuclari (30 bagimsiz ¢caliyma)

co4 HHO css BSA

EnKoti 0.000000000e+00 | 0.000000000e+00 | 1.375220729¢-01 | 9.715909878e-03
Ortalama 0.000000000e+00 | 0.000000000e+00 | 1.050293825e-02 | 8.638555997e-04
fs Enlyi 0.000000000e+00 | 0.000000000e+00 | 3.300863938e-05 | 0.000000000e+00
StdSapma 0.000000000e+00 | 0.000000000e+00 | 2.884166951e-02 | 2.478597898e-03

Siire (s) 0.0403364 0.0820939 0.261233 0.0408193
EnKoti 7.888609052e-31 | 1.577721810e-29 | 1.526359564e+00 | 1.959677532¢-22
Ortalama 3.418397256e-31 | 1.367358902¢-30 | 1.134555325e-01 | 6.589065130e-24
fo Eniyi 0.000000000e+00 | 0.000000000e+00 | 1.416855131e-03 | 0.000000000e+00
StdSapma 3.909086816e-31 | 3.161573252¢-30 | 2.717440129¢-01 | 3.516722141e-23

Siire (s) 0.0238806 0.065922 0.271835 0.0298616
EnKoti 1.889337932¢-01 | 1.906626048e-01 | 2.202368095e-01 | 1.889337486¢-01
Ortalama 1.557456736e-01 | 1.558400003e-01 | 1.993740795e-01 | 8.383816546e-02
yill Enlyi 2.299335416e-02 | 2.299335416e-02 | 1.903879040e-01 | 2.299335416e-02
StdSapma 6.637615971e-02 | 6.642365387e-02 | 7.703616069¢-03 | 7.996574845e-02

Siire (s) 0.0297623 0.0764176 0.264134 0.0380855

5. Sonugclar

Bu calismada dogadaki kerevitlerin yiyecek arama, biiyiik besinleri ayaklariyla parcalama, yaz tatili icin yer arama ve
rekabet¢i davranislarindan ilham alan, yani dogadan ilham alan yeni bir siirii tabanli meta-sezgisel algoritma olan COA
tanitilarak gesitli test fonksiyonlart {iizerinde uygulanmistir. Yiyecek arama asamasi ve rekabet asamasi COA’nin
kullanim(explotation) asamasidir ve yaz tatili asamasi ise COA’nin kesif agamasidir.

MA’lar fizik, evrim, siirii ve insan tabanli olmak tizere dort farkli ana kategoride olduklari igin COA ile elde edilen sonuglar,
HHO, CSS ve BSA algoritmalarinin sonuglartyla karsilastirilmistir. Siirii tabanli algoritmaya 6rnek olan COA’ya karsilik
calismada literatiirden karsilagtirmak icin segilen algoritmalardan HHO siirii tabanli, CSS fizik tabanli ve BSA ise evrim tabanlt
algoritmalardir. Algoritma se¢im isleminde karsilagtirma igin se¢ilen MA’larin bir adedinin ayni tabanli gruptan diger ikisinin ise
farkli tabanli gruptan olmasina 6zen gosterilmistir.

Calismada biri unimodal, alt1 adedi multimodal olan 7 adet test fonksiyon 30, 50 ve 100 boyutlu ve {i¢ adedi ise sabit boyutlu
fonksiyon olmak iizere toplam on adet test fonksiyonu kullanilmistir. Segilen 30 ve 50 boyutlu yedi adet test fonksiyonun
coziimlerinde en iyi degerlere sahip algoritmalar sirasiyla COA (1 adet unimodal test fonksiyonu, 4 adet multimodal test
fonksiyonu), HHO (1 adet multimodal test fonksiyonu) ve CSS (1 adet multimodal test fonksiyonu) olmustur. Yedi adet test
fonksiyonunun 100 boyutlu olmasi durumunda ise en iyi degerlere sahip algoritmalar sirasiyla COA (1 adet unimodal test
fonksiyonu, 4 adet multimodal test fonksiyonu) ve HHO (2 adet multimodal test fonksiyonu) olmustur. Sabit boyut i¢in yapilan
degerlendirmede en iyi degerlere sahip algoritmalar sirasiyla COA (2 adet multimodal test fonksiyonu) ve BSA (1 adet
multimodal test fonksiyonu) olmustur. Calismada tiim kutu grafikleri ve yakinsama egrileri birlikte incelendiginde sirasiyla COA
ve HHO algoritmalarinin en basarili algoritmalar oldugu goriilmektedir.

Bu galismada elde edilen sonuglara gore COA algoritmasinin su avantajlara sahip oldugu gozlemlenmistir; Farkli
boyutlardaki optimizasyon problemlerinde yiiksek ¢dziim dogrulugu gostermektedir. Ozellikle diisiik ve orta boyutlu test
fonksiyonlarinda hizli yakinsama saglamaktadir. Hem kesif (exploration) hem de sémiirii (exploitation) asamalarinda dengeli bir
performans sergilemektedir. Parametre ayarlarinin sayisinin az olmasi uygulama kolaylig1 saglamaktadir. Algoritmanin bazi
dezavantajlart da su sekilde belirtilebilir; Cok yiiksek boyutlu problemlerde (6zellikle 100 boyut ve {iizeri) algoritmanin
yakmsama hizi zaman zaman diger yontemlere gore daha diisiik kalabilmektedir. Yerel minimumlarda takilma riski diisiik
olmakla birlikte tamamen ortadan kalkmamustir; bazi fonksiyonlarda erken yakinsama davranisi gézlemlenmistir. Baslangic
popiilasyonu gesitliliginin az olmasi durumunda performans kaybi yasanabilmektedir. Bu bulgular, COA algoritmasinin genel
olarak etkili bir optimizasyon yaklagimi sundugunu, ancak performansini artirmak icin ozellikle ¢ok yiiksek boyutlu
problemlerde adaptif stratejilerle desteklenmesi gerektigini ortaya koymaktadir.

Bu ¢alisma, COA algoritmasimin gesitli test fonksiyonlar1 iizerindeki performansini incelemeye yonelik bir 6n arastirma
niteligindedir. Gelecekteki c¢aligsmalardan biri, bu algoritmanin elektrik-elektronik miihendisliginde 6nemli bir konu olan
ekonomik gii¢ dagitimi problemlerine uygulanmasini igerecektir.
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Abstract

PID controllers are utilised extensively in the domain of electric motors and drives. The values of the PID controller have a direct impact on
the controller's characteristics. Establishing optimal values is imperative to enhance the efficacy of control mechanisms. Consequently, a
multitude of optimization algorithms have been developed. Employing these algorithms facilitates the optimisation of the controller's optimal
values with greater efficiency, requiring less experience and a shorter timeframe. In this study, the parameters of the PID controller employed
in the motor drive developed for a direct current (DC) motor are optimised by three distinct heuristic optimisation methods: The following
optimization methods are used: Particle Swarm Optimisation (PSO), Ant Colony Optimisation (ACO), and PSO-ACO, which is a combination
of these two methods. The execution of simulations is conducted within the MATLAB environment, with a subsequent comparative analysis of
control performances. This study proposes a pioneering optimisation approach that integrates the PSO and ACO algorithms. The PID controller
attains the reference value in the most efficient timeframe through this methodology. The simulation results show that the PSO-ACO method
demonstrates optimal performance, followed by PSO and ACO.

Keywords: “PID Control, PSO, ACO, PSO-ACO, DC Machine.”

1. Introduction

DC machines are widely used in industry, robotics, and automatic control systems due to their high controllability, linear
speed-torque characteristics, and simple structure. Achieving precise and stable control of a DC motor's speed or position
requires an effective control mechanism. In this context, Proportional-Integral-Derivative (PID) controllers, one of the classical
control methods, are frequently preferred in DC motor applications due to their simplicity, ease of implementation, and broad
applicability. However, the performance of a PID controller depends heavily on the accurate tuning of its parameters (K, Ki, Kq).
Manual tuning of these parameters can be time-consuming and may limit system performance. To address this issue, heuristic
and metaheuristic optimization algorithms have been increasingly adopted to automatically and optimally determine PID
parameters, thereby improving performance criteria such as response time, stability, and error levels. Metaheuristic optimization
algorithms have demonstrated significant practical applicability in a wide range of industrial domains due to their adaptability,
robustness, and capacity to solve complex, nonlinear, and multimodal problems without requiring gradient information.
Industries such as manufacturing, energy systems, automotive, acrospace, robotics, and process control frequently encounter
high-dimensional optimization challenges where traditional deterministic or analytical approaches become infeasible or
inefficient. In such contexts, metaheuristic algorithms such as Particle Swarm Optimization (PSO), Ant Colony Optimization
(ACO), Genetic Algorithms (GA) enable efficient parameter tuning, design optimization, fault diagnosis, and real-time control.
For instance, in motor control applications, metaheuristics are used to optimize PID parameters dynamically, ensuring minimal
error, reduced overshoot, and faster response under variable load and environmental conditions. Their ability to escape local
minima and explore vast search spaces makes them especially suitable for systems with uncertainty, noise, or dynamic
constraints. Furthermore, their algorithmic simplicity and parallelizable structure facilitate easy implementation on embedded
systems, industrial controllers, and real-time platforms. As industrial systems increasingly demand autonomous adaptation and
data-driven decision-making, the integration of metaheuristic optimization methods continues to gain traction as a key enabler in
smart manufacturing and Industry 4.0 frameworks. Closed-loop techniques are used extensively in system control under current
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E-mail Address: mluy@kku.edu.tr



119

models. Usually, these configurations include sensors that give real-time feedback on state variables, a controller, and the process
to be controlled. These setups seek to minimize the negative consequences of internal dynamics and external disturbances,
guaranteeing the system reaches its intended output. Because PID control is so important in preserving control stability, it is
extensively used among several techniques in industrial applications, especially for controlling the speed and position of a DC
machine [1].

The precision of the proportional (K,), integral (K;), and derivative (Kq) gains determines how effective a PID controller is.
Many conventional tuning methods depend on time-consuming manual trial-and-error processes that might not produce the best
performance. Based on observed oscillatory behavior in the system, one often used technique in literature, the Ziegler—Nichols
approach, establishes parameter values [2]. This approach, which assumes linearity, thus has limited relevance in systems with
nonlinear or time-varying properties. Heuristic optimization techniques have become valuable tools for automatically tuning PID
parameters to solve such constraints. These techniques present a strong substitute in complex control environments since they
seek to outperform conventional methods in performance and provide resilience against unforeseen disturbances. This study
conducts detailed investigations on tuning a PID control algorithm designed for a DC machine. Ant Colony Optimization (ACO)
and Particle Swarm Optimization (PSO) methods were applied separately in the initial phase. Subsequently, a hybrid algorithm
named PSO-ACO is developed by combining the strengths of both techniques. The hybrid PSO-ACO approach is designed to
combine the global search efficiency of PSO with the local refinement strength of ACO, with the objective of enhancing
convergence speed and robustness in controller tuning. Simulation studies carried out in the MATLAB environment compared
the performance of the proposed methods based on the ITAE (Integral of Time-Weighted Absolute Error) criterion, with the
primary objective of achieving faster convergence to the reference value [3].

1.1. Literature Rewiev

The application of heuristic algorithms to the tuning of PID controllers for direct current (DC) motor control has recently
demonstrated a certain degree of success. The responses produced by Yildirim et al. from PSO were both fast and accurate,
significantly lowering overshoot and settling time [4]. Utilising a hybrid PSO-MRAC approach, Oche et al. achieved zero
overshoot and enhanced resilience under perturbations [5]. Compared to standalone approaches, a more balanced transient
response can be achieved by utilizing a GA-PSO hybrid approach proposed by Beremeh et al [6]. By offering lower overshoot
and faster settling times in both simulations and hardware implementations, Najem et al. found that ACO outperformed PSO [7].
Gtiven et al. presented a modified Jellyfish Search method that guarantees almost instantaneous, error-free performance and
minimizes ITAE [8]. Finally, Ekinci et al. outperformed conventional methods by applying the Mountain Gazelle Optimizer to
reach zero overshoot with a settling time of less than 0.1 seconds [9]. Literature rewiev is given in Table 1.

Table 1. Literature Rewiev

Study (Year) Optimization Algorithm(s)

[4] PSO

[5] PSO-MRAC

[6] GA-PSO

[7] ACO, PSO

[8] Modified Jellyfish Search (JMS)

[9] Mountain Gazelle Optimizer (MGO)
This Study PSO, ACO, PSO-ACO

2. Materials and Methods

2.1.  System Description

Fig. 1 shows a speed control system for a DC motor where different heuristic optimization approaches help to fine-tune the
PID controller's parameters. The system runs by computing the motor's actual speed output against the intended reference speed.
The PID controller receives this error and uses its proportional, integral, and derivative components to generate a control signal.
The aim is to change the motor's operation so that its speed almost matches the reference input. Above the PID block, three
optimization techniques—particle swarm optimization (PSO), ant colony optimization (ACO), and their hybrid PSO-ACO
approach—are used to ascertain the most appropriate values for the PID gains. Aiming to minimize the integrity of time-
weighted absolute error (ITAE), these techniques use it as the performance criterion to improve dynamic response. By constantly
adjusting the control parameters, integrating these algorithms lets the system reach the intended speed with better accuracy and
faster response.
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Fig. 1. Block diagram of System Description

2.2. PID Control

The PID control algorithm is a feedback-based control method commonly used in industrial applications. This technique
continuously evaluates the difference (error) between the desired system state and the actual measured output, and shapes the
control signal accordingly. In the control process, the system output is influenced by three key components—proportional,
integral, and derivative—which operate in coordination with one another. The proportional component generates an immediate
corrective response proportional to the current error magnitude. The integral component addresses long-term or persistent
deviations by calculating the accumulated error over time, thereby helping the system converge to the desired setpoint. On the
other hand, the derivative component predicts potential future instability by analyzing the rate of change of the error and
contributes to reducing oscillations, particularly during transient responses [10]. The PID control equation is provided in
Equation 1.

de(t)
dt

u® = K, - e(®+ K; - [e(®dt + Kq - €Y

Fig. 2 shows the basic structure of a PID controller, which functions as a control system. In this system, the error is calculated
as the difference between the reference speed and the current speed, and this error passes through three components: Proportional
(P), Integral (I), and Derivative (D). Each component processes the error differently: the Proportional component responds based
on the magnitude of the error, the Integral component accumulates past errors, and the Derivative component considers the rate
of change of the error. Combining these three components generates an appropriate control signal that drives the system output
toward the desired value [11].

> Proportional

Relerence A4

Speed —)@ Integral —PG—\—> Plant

L_» Derivative ||

Fig. 2. Block diagram of PID control

2.3.  Optimization Methods

Swarm Intelligence refers to the collective behavioral patterns that emerge from individuals acting in harmony with one
another. This concept is frequently encountered in artificial intelligence research and was first introduced in 1989 by Gerardo
Beni and Jing Wang in the context of cellular robotic systems [12]. Although simple rules guide each agent in such systems and
lack predefined instructions for behavior, the overall interactions between individuals result in complex behaviors that can be
described as ‘intelligent,” even if the agents are unaware of the global effect [13]. Numerous swarm intelligence algorithms have
been developed by drawing inspiration from nature. These include Stochastic Diffusion Search [14], Ant Colony Optimization
(ACO) [15], Particle Swarm Optimization (PSO) [16], Genetic Algorithm (GA) [17], and Differential Evolution Algorithm [18].
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2.3.1.  Ant Colony Optimization (ACO)

Ant Colony Optimization (ACO) was first proposed in 1992 by Marco Dorigo as part of his doctoral dissertation, initially
developed as a heuristic algorithm to find the optimal path between two points. Dorigo introduced this original approach under
the name Ant System. In 1999, Hoos and Stiitzle further refined the algorithm's structure and presented an improved version
called the Max-Min Ant System [19]. The ant colony optimization algorithm discussed in this article is also based on the work
published by Dorigo and Stiitzle in 1999 [20]. Dorigo and Stiitzle later provided a comprehensive overview of the algorithm's
detailed structure in a 2004 publication [21].

Regarding the philosophy behind the Ant Colony Algorithm, in 1959, French entomologist Pierre-Paul Grasse observed that
ants respond to specific signals he referred to as “significant stimuli.” During his observations, he noticed that the responses of
ants to these stimuli could generate new and critical triggers not only for the individuals that produced them but also for other
colony members. To define this unique form of communication, which is activated through the actions of worker ants, Grasse
introduced the term “stigmergy” [22]. Stigmergy is one of the core concepts of swarm intelligence and refers to an indirect
coordination mechanism that arises without direct communication between agents and their actions. Its fundamental principle is
that traces left in the environment by one action trigger subsequent actions. The same agent or another independent agent can
initiate the follow-up action in this mechanism. As a result, sequential actions are built incrementally, leading to the emergence
of coherent and systematic activity patterns. Stigmergy, as a self-organizing approach, enables the formation of complex and
intelligent structures without requiring direct communication during planning and control stages. This provides a foundation for
effective collaboration, even among simple agents with limited memory or cognitive capacity [23].

A practical example of this natural coordination mechanism can be observed using pheromones within ant colonies. In many
ant species, during the food search, ants deposit a chemical substance called pheromone onto the ground; other ants detect this
substance and are led to prefer paths with higher pheromone concentrations. Since ants are more likely to choose routes with
stronger pheromone trails, more individuals increasingly use these paths. As a result, the pheromone concentration along the
selected path intensifies, enabling the colony to identify the most efficient route to the target. The flowchart of the ACO
algorithm is illustrated in Fig. 3.

Define ACO
Purameters

——

Generate solution
using probability
distribution
(pheromone trace and
randomization)

l

Update local
No No pheromones

Yes
Y

Calculate the length
of the optimal path
and update only the
pheromone level of
the optimal path

Output the solution
Yes—»  wilh the highest
pheromone level

Fig. 3. Flowchart of ACO

The parameters used in the ACO hybrid algorithm are as follows: n is the number of nodes in the problem, m is the number
of ants in the system, and dj; is the distance between nodes i and j. T is the number of iterations, and T is the maximum number

of iterations. p vaporization coefficient, T;; represents the pheromone density between nodes i and j, and 7;; represents the
visibility value between nodes i and j. p%‘j is the probability that ant k moves from node i to node j, LX(t)is the distance travelled

by ant k in iteration t, and Ly,epest ()is the shortest distance found in iteration t. a is the importance coefficient of pheromone,
and B is the importance coefficient of distance. Finally, Q is the pheromone update constant. The ACO algorithm arrives at the
result by applying the following procedure: The initial pheromone values m, n, m, djj, p, o, B, Q, and T;; required for the result
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are determined. Ants are placed randomly. All ants complete the cycle to select the next episode based on the local search
probability shown in Equation 2 [24].

g >[r]” [nij]B

The action distance is calculated for each ant in the algorithm. The local pheromone replenishment is given in Equations 3
and 4.

(2)

m
Tt +1) = (1 - p)ry (0 + z At e+ 1) .
k=1
1 _ o
ATE-(t +1) = { K+ 1) if ant used path i — j “
0 another situations

The most accurate result is calculated, and the global pheromone defeat is shown in Equations 5 and 6.

m
Tt+ 1) =1 - p)ry(0 + Z AT%(]- t+1) (5)
k=1
! ifit bel to best t
A‘tﬁ(t+ 1) = {Lthebest(t‘l' 0 ifit belongs to best tour )
0 another situations

The cycle continues from step 2 until the maximum number of iterations (T) or another defined qualification criterion is
reached.

2.3.2.  Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a heuristic method developed in 1995 by J. Kennedy and R. C. Eberhart, inspired by
the natural behavior of bird flocks [25]. In nature, birds searching for food follow the individual closest to the food source and is
considered the leader; however, a new bird that detects the food may take over the leadership. During this process, the
communication among birds becomes a fundamental component of identifying the leader and maintaining coordination within
the flock. Each bird represents a particle in the algorithm, and its current position corresponds to a potential solution to the target
function. As the birds move, every position they occupy is evaluated, and the fitness value of the resulting solution is determined.
This fitness value acts as a measure of proximity to the desired result. If a satisfactory solution is found according to predefined
criteria, the search process is terminated; otherwise, particles continue to explore the search space to find the optimal value. The
general block diagram of PSO is presented in Fig. 4 [26].

Before the algorithm starts, a swarm is initialized, and each particle is assigned an initial velocity and position. Within this
swarm, the initial leader is identified. Particles move within a defined velocity range and update their positions each iteration.
This velocity parameter can be constant or dynamic. At every new position, the objective function is evaluated for all particles,
and a new leader representing the best solution is designated. The leader’s position is checked to determine whether it meets the
optimization criteria; if so, the search process is completed. If not, the particles continue moving through the search space [27].

What distinguishes PSO from classical optimization techniques is its simplicity, stemming from the limited number of
parameters to be adjusted and the fact that it does not require derivative information. The process begins with a randomly
generated initial swarm, defined by position, velocity, and direction data. The fitness value for each particle in the swarm is
computed. Each particle's best position is recorded based on its own experiences. The best global position within the entire
swarm is selected among these individual results. Velocity and position are updated based on previous steps. The process is
terminated if the target is deemed reached; otherwise, the algorithm iterates, starting again from step two. The PSO flowchart is
shown in Fig. 4 [28].

At the core of this methodology lies the concept of a swarm, with particles representing individual members within it. Each
particle repositions itself reactively to align with the optimal location within the collective, drawing on its previous experiential
performance. Taking the currently best-optimized position in the swarm as a reference, all other particles update their motion
vectors accordingly. The acceleration dynamics of this approach evolve based on randomness and are typically characterized by
an iterative process in which particles tend to move toward positions superior to those they have previously attained. This
process is repeated until the final objective is achieved.
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Equation 7 gives the velocity (V) equation of the i-th particle at time step k+1; here, W represents the inertia weight, c,
functions as the particle’s acceleration coefficient, and c, is the social acceleration coefficient associated with the swarm. p!
denotes the best-known position of the respective particle, whereas pﬁ indicates the globally best-known position across the
entire swarm. These values are multiplied by random scaling factors and added together to compute the particle’s next velocity

vector. This, in turn, determines the new position, expressed as Xk +1- The process follows a cyclical structure, following the steps
below [29].

2.3.3.  PSO-ACO Optimization Algorithm

The PSO-ACO hybrid algorithm introduced in this study distinguishes itself from other hybrid approaches in the literature
through its unique integration mechanism, which combines the global search capabilities of Particle Swarm Optimization (PSO)
with the local refinement strength of Ant Colony Optimization (ACO) in a complementary and dynamic fashion. Unlike
conventional hybrid methods that often operate sequentially or prioritize one algorithm over the other, the proposed method
continuously incorporates pheromone-based directional vectors from ACO into the velocity update equation of PSO during each
iteration. This allows poorly performing particles not only to be repositioned based on the swarm's best experience but also to be
guided by pheromone trails, leading to more efficient exploration and exploitation of the solution space. Additionally, the
adaptive ACO sampling applied to underperforming agents enables the algorithm to escape local minima and maintain
population diversity. These features result in faster convergence, improved stability, and superior optimization performance
compared to other methods that either lack real-time interaction between components or use static hybridization schemes.

PSO-ACO starts with parameters such as population size (Nagents) and number of iterations (Nyern). While the PSO directs
the solution search by updating the velocities and positions of each agent with the personal best solution (pPgest(jy) and the global
best solution (ggest), the ACO marks the good regions in the solution space with pheromones and guides the PSO in these
regions. At each iteration, ACO calculates the direction vector and adds it to the PSO's velocity update equation to find the
solution more quickly. Pheromone update releases more pheromones for better solutions, which helps to select better paths.
Furthermore, ACO sampling is applied for poorly performing agents, allowing these agents to explore different solution paths.
As a result, at the end of each iteration, the best solution is updated considering both the cost value and the pheromone
contributions [30].

ACO sampling is a technique that enables poorly performing agents to discover new solution paths using pheromones. If an
agent’s personal best solution (pgest(i)) i twice as poor as the global best solution (ggest), ACO sampling is applied for that

agent. The agent is reset in this case, and a new solution is proposed based on the pheromone matrix. This allows agents with
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poor performance to explore broader solution spaces and potentially find better outcomes. This method enhances the efficiency
of the algorithm and contributes to faster convergence. PSO allows each particle (or agent) to move through the solution space
and continue its search for solutions. Each agent updates its new position considering its previous best solution (pgesti)) and the

best solution in the population (ggest)- The rate update equation of PSO is given in Equation 8.

ViH-1 =w- Vit +Cy-ry- (pBest(i) - Xlt) +Cy 1y (gBest - XD +c3 13- (Tdir - Xlt) (8)

vi: speed of particle i, x: current position of particle i, PBest(i): previous best solution of particle i, ggest: global best solution
of the population. t4;.: Direction vector suggested by ACO (pheromone contribution), w: Inertia coefficient ¢, c,, c3: Attraction
coefficients (for the personal best solution, global best solution, and ACO direction). rq, I, r'3: Defined as random numbers. PSO
aims to reach the optimal point in the solution space by updating the velocity and position of the agents. Here, the direction
information (t4;.) provided by the ACO is also added to the update equation of PSO [31].

The PSO-ACO algorithm begins with parameters such as population size (Npgents) and number of iterations (nye,). While
PSO directs the search process by updating each agent’s velocity and position based on its personal best solution (pgest(iy) and
the global best solution (ggest), ACO marks promising regions of the solution space with pheromones and guides PSO towards
these regions. In each iteration, ACO computes a direction vector added to the PSO velocity update equation, allowing the
solution to be found more rapidly. Pheromone updates deposit more pheromones for better solutions, helping the algorithm
prioritize better paths. ACO sampling is also applied to poorly performing agents, enabling them to explore alternative solutions.
As a result, at the end of each iteration, the best solution is updated by considering both the cost value and pheromone
contributions [32].

2.3.4.  Objective Function

In optimization problems, the objective function is the target value that algorithms seek to maximize or minimize to attain a
system's best accuracy or performance. Standard metrics include ITAE (Integral of Time-weighted Absolute Error), which
evaluates dynamic system performance by penalizing errors more heavily over time; ITSE (Integral of Time-weighted Squared
Error), which emphasizes larger errors and promotes faster system stabilization; ISE (Integral of Squared Error), which
minimizes the overall error and is effective when minor errors need to be penalized; and IAE (Integral of Absolute Error), which
accumulates absolute errors over time to promote smoother responses [33].

These performance functions quantitatively express the amount of error occurring over time. Minimizing these functions
during the optimization process means determining the PID controller parameters in a way that ensures system performance with
minimal error. The Integral of Time-weighted Absolute Error (ITAE) is a commonly used criterion for evaluating the
performance of control systems. This method integrates the absolute value of the error multiplied by time, penalizing errors that
occur later more heavily. This characteristic helps the system reach a steady state more quickly and with less oscillation. The
ITAE criterion is chosen to optimize dynamic performance indicators such as settling time and overshoot. The objective function
used is presented in Equation 9 [34].

T
firag = f t le(®)] dt ©)
0
2.4. DC Machine

Fig. 5 shows a circuit representing a DC machine's electrical and mechanical model. In the circuit, a series connection is
formed with a source U; resistance R and inductance L. Current Ia flows through this circuit and determines the voltage U, in the
electrical part of the motor. The mechanical part of the motor is characterised by torque T, speed w, and torque J. In addition, b,,
(coefficient of friction), a term representing the motor's friction as it rotates, also affects the behaviour of the motor. This circuit
is a basic model used for speed control and dynamic analysis of the motor [35].

Fig. 5. Circuit of DC Machine
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Equations 10 and 11, which describe the dynamic behavior of the DC motor, represent both the electrical and mechanical
properties of the motor. Equation 10 describes the rotational motion of the motor, where J is the motor's inertia, b is the viscous
friction coefficient, w is the angular velocity, Ki, is the electromagnetic moment, and T is the external load torque. This equation
states that the moment produced by the motor must balance the effects of load torque and friction. Equation 11 is based on
Kirchhoff's voltage law. It describes how the current through the motor varies with the difference between the applied voltage
and the back EMF (Kw), where L is inductance, R is resistance, I, is current, and U, is the applied voltage. When used together,
Equations 10 and 11 form a basic mathematical model for the control and analysis of the motor [36].

dw .

]E-{_bszla_T (10)
di
Ld—:‘+Ria=Ua—Kw (11)

3. Simulation Results

In this study, a control system using a PID controller optimised by heuristic techniques aims to control the speed of a DC
machine. The process starts with a reference speed, which is mapped to the actual speed of the DC motor to produce an error
signal. This error is fed into an objective function such as ITAE (Integral of Time Weighted Absolute Error), which evaluates
system performance. Using this error-based performance index, optimisation algorithms such as PSO, ACO, and PSO-ACO
repeatedly tune the PID controller parameters K, Ki, and Kq. The PID controller uses these optimal values and generates a
control signal for the DC machine. The motor's output speed is fed back to the system to form a closed-loop control system to
reduce the error and achieve exact speed tracking. This system is designed in the MATLAB environment.

A DC machine’s mechanical and electrical characteristics are given in Table 2. Specifying 2.45 ohms, the armature resistance
indicates the opposition to current flow within the motor windings. Given as 0.035 H, the inductance reflects the motor's capacity
to oppose changes in current. The back EMF constant is 1.2 Vs/rad, representing the voltage produced as the motor shaft rotates.
At 0.222 kg-m?, the rotor's moment of inertia gauges the motor's resistance to rotational speed changes. Finally, listed as 0.0005
Nms/rad, the damping coefficient characterizes the effect of mechanical friction opposing motion. Designing a reasonable
control system and simulating the dynamic behavior of the motor depend on these fundamental values.

Table 2. DC Machine Mechanical and Electrical Characteristics

DC Motor Parameters Value
Armature Resistance 2.45Q
Inductance (L) 0.035H
EMEF Constant (K) 1.2 Vs/rad
Rotor Inertia (J) 0.022 kg-m?

Friction Coefficient (B) 0.0005 Nms/rad

This study evaluated three different optimization techniques: Particle Swarm Optimization (PSO), Ant Colony Optimization
(ACO), and a hybrid method combining both, PSO-ACO. Each algorithm was executed over 50 iterations using a population size
of 30. The search space is defined by specific upper and lower bounds for a three-dimensional parameter set: [50, 20, 5] as the
upper bound and [1, 0.1, 0.1] as the lower bound. Identical experimental conditions were maintained across all algorithms to
compare their performances fairly. According to these parameter ranges, the K,,, Ki, and K4 values are given in Table 3.

Table 3. Optimized PID Parameters (Kj, Ki, Ka) for Each Algorithm

Optimization Algorithms Kp Ki Ka
PSO 0.01 10 0.001
ACO 0.01 10 0.0011
PSO-ACO 0.01 10 0.00235065451759030

Fig. 6 shows a three-stage load torque profile that varies over time. Initially, between 0 and 3 seconds, the load torque is
approximately 0.05 N-m. Then, from 3 to 6 seconds, the torque increases sharply to around 0.3 N-m. Finally, after 6 seconds, it
reaches 0.5 N-m and remains constant at that level. This type of profile is commonly used to evaluate how a system responds to
varying load conditions.
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Fig. 6. Time-Varying Load Torque Profile Used for System Evaluation

The performance evaluation based on the speed response, error curve, and cost function results shown in Fig. 7 demonstrates
the superior efficiency of the PSO-ACO algorithm in PID parameter optimisation. PSO-ACO reaches the reference speed faster
and with fewer overshoots compared to the other methods, PSO and ACO, resulting in a faster and more stable system response.
The error curve also supports this advantage and shows that the PSO-ACO algorithm rapidly reduces the tracking error and
converges to zero with minimum fluctuation, thus providing high accuracy and control precision. Furthermore, the cost function
plot emphasising the excellent convergence efficiency of the PSO-ACO algorithm shows that lower objective function values are
achieved in fewer iterations. This performance improvement is due to the capacity of the PSO-ACO algorithm to successfully
combine the local refinement capabilities of the ACO method with the global search capabilities of the PSO method. Although
PSO effectively avoids local minima by covering large search spaces, it is prone to premature convergence. In contrast, ACO's
pheromone-based reinforcement mechanism is particularly effective in improving solutions in promising regions. By
harmoniously combining these two complementary behaviours, PSO-ACO can more precisely find and refine high-quality
solutions and effectively balance exploration and exploitation. Thanks to this synergy, PSO-ACO demonstrates superior
optimisation performance by maintaining population diversity, avoiding stalling, and converging to near-optimal PID parameters
more efficiently than individual methods.

Table 4 compares the control performances of different optimisation algorithms, PSO, ACO, and the combination of these
two methods, PSO-ACO. According to the results of the analyses, it is observed that the PSO-ACO algorithm exhibits a
significant difference in terms of temporal response characteristics. While PSO and ACO methods generally offer similar
performance parameters, the PSO-ACO method shows substantial deviations in specific metrics. When ITAE is considered, it is
determined that the PSO-ACO algorithm provides lower error accumulation than other methods. This result indicates that the
system can reach the reference value more efficiently. However, the significant overshoot rate observed in the PSO-ACO method
suggests that the system response contains faster but more abrupt changes. The time to reach equilibrium for all algorithms is
similar, indicating that the control strategies exhibit similar behaviour in terms of stability. However, regarding initial
performance and overall system dynamics, it is concluded that the PSO-ACO method outperforms the other two algorithms.
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Fig. 7. Each optimization algorithm a) Cost vs Iteration, b) Error, ¢) Speed
Table 4. Optimization Algorithms Performance Values
Optimization Algorithms ITAE Final Error Overshoot Rise Time
PSO 0.2605 0.0000 0.0000 0.6540
ACO 0.2615 0.0000 0.0129 0.6570
PSO-ACO 0.1130 0.0000 0.6695 0.0010

4. Conclusion

The performance of heuristic optimisation algorithms in tuning PID controller parameters for DC motor speed control is
comparatively investigated concerning transient criteria such as overshoot and rise time. DC motors are frequently favoured in
industrial contexts due to their linear speed-torque characteristics, high controllability, and wide range of applications. However,
implementing an effective control strategy is imperative for the motor to attain the reference speed value with both rapidity and
stability. PID controllers assume paramount importance at this juncture due to their uncomplicated configuration. Nevertheless,
the efficacy of these controllers is contingent upon the precision of the parameter settings. The simulation results show that
heuristic and hybrid optimisation methods, including PSO-MRAC, GA-PSO, and the proposed PSO-ACO, exhibit superior
performance compared to classical tuning techniques. In particular, the Mountain Gazelle Optimiser (MGO) algorithm developed
by Ekinci et al. (2025) offers a remarkable transient response with zero overshoot and a rise time of 0.0478 seconds [9].
However, the PSO-ACO algorithm developed in this study has been shown to achieve the most successful results, with an
extremely low rise time of 0.0010 seconds and a low overshoot rate of 0.6695%. The findings indicate that hybrid swarm
intelligence-based optimisation methods can significantly enhance the system's transient response speed and tracking accuracy,
particularly in real-time DC motor control applications. Table 5 is given Comparison of Performance of the Study with Heuristic
Optimisation Methods in the Literature.
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Table 5. Comparison of Performance of the Study with Heuristic Optimisation Methods in the Literature

Study (Year) Optimization Algorithm(s) Overshoot (%) Rise Time (s)
[4] PSO 1.86% 0.045
[5] PSO-MRAC (Hybrid) 0% -
[6] GA-PSO (Hybrid) 5.29% 0.30
[7] ACO 0.68% -
[8] Modified Jellyfish Search (JMS) ~0% -
[9] Mountain Gazelle Optimizer (MGO) 0% 0.0478
This Study (2025) PSO-ACO (Hybrid) 0.6695% 0.0010

Simulation results confirm that the hybrid PSO-ACO method exhibits superior performance, particularly in terms of rapid
convergence and enhanced control precision. A more detailed examination of the transient response characteristics reveals that
PSO-ACO effectively minimizes tracking error in the early phase of the system's operation and rapidly stabilizes the motor
speed. In real-world control scenarios, such responsiveness is critical for applications requiring high agility and minimal delay,
such as robotics, automated manufacturing, or precision motion control systems. The rapid rise time of 0.0010 s achieved by
PSO-ACO indicates the algorithm’s capacity to initiate control action almost immediately after receiving a reference input,
which is a crucial requirement for time-sensitive applications. Additionally, its ability to reduce steady-state error without
introducing significant oscillations or prolonged overshoots demonstrates improved robustness in transient conditions. While the
overshoot is marginally higher than PSO or ACO alone, the hybrid approach compensates for this by reaching the desired value
more quickly and with fewer oscillations during settling. Although PSO offers better exploration capabilities and ACO excels in
local solution refinement, the proposed hybrid model successfully merges these advantages to balance exploration and
exploitation. Furthermore, the study emphasizes the need for future validation via hardware implementations to assess the real-
time performance and robustness of the proposed algorithms under physical uncertainties and disturbances. From a practical
standpoint, PSO-ACO appears to be a highly promising candidate for industrial control systems that demand both speed and
reliability. Nevertheless, in applications where overshoot must be strictly minimized—such as delicate positioning systems or
safety-critical operations—pure ACO or further-tuned hybrid variants may be more appropriate. Ultimately, the choice of
optimization approach should consider system constraints, performance priorities, and environmental dynamics

The PSO-ACO-based optimisation approach developed in this study has been shown to achieve successful results in the
context of DC motor speed control. However, subsequent studies are planned to verify the performance of the proposed method
by applying it to different motor types (e.g., brushless DC motors or synchronous motors). Furthermore, the objective is to
develop more robust control algorithms by considering dynamic effects such as load variations, parameter uncertainties, and
external disturbances in motor drive systems. Furthermore, developing more sophisticated hybrid methods is envisaged,
combining diverse meta-heuristic algorithms (e.g., Grey Wolf Optimiser, Whale Optimisation Algorithm) within the PSO-ACO
framework, complemented by comparative performance analyses. Ultimately, the efficacy and dependability of the algorithm in
practical applications will be ascertained through the execution of tests on real-time hardware (HIL- Hardware-in-the-Loop).
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Abstract

In the current study, the molecular geometry, electronic characteristics, nonlinear optical (NLO) properties, and potential biological activity
of 1,3-bis(4-methylphenyl)triazene (I) were investigated by a combination of experimental crystallographic data and density functional theory
(DFT) calculations at the B3LYP/6-311++G(d,p) level. The optimized molecular geometry was in very good agreement with experimental X-
ray data, with a low root-mean-square deviation (RMSD) of 0.106 A, verifying the computational model. The molecule demonstrated high
NLO activity, possessing a first-order hyperpolarizability roughly seven times larger than that of urea, and potential application in
optoelectronic and photonic devices. Frontier molecular orbital (FMO) calculation demonstrated HOMO-LUMO energy gap of 5.6015 eV in
the gas-phase indicating kinetic stability, and solvent-phase calculation indicated higher reactivity and polarity at high-dielectric conditions.
Global reactivity descriptors and molecular electrostatic potential (MEP) mapping identified key electrophilic and nucleophilic sites, with
implications for the charge distribution of the molecule and probable modes of interaction. Mulliken and natural population analyses (NPA)
also revealed electronic behavior, NPA providing more chemically meaningful charge partitioning. Thermodynamic properties -entropy,
enthalpy, and heat capacity- exhibited smooth temperature dependence, which established the thermal stability of the compound. Hirshfeld
surface and 2D fingerprint plots of the crystal structure highlighted the dominant role played by van der Waals interactions in crystal packing.
Molecular docking studies with the HER2 receptor (PDB ID: 3PP0) showed good binding affinity (-9.8 k cal mol™) with the aid of supporting
hydrogen bonding and hydrophobic interactions with prominent amino acid residues, which reflected potential anticancer activity. Combined,
the findings emphasize the exciting multifunctionality of I, whose potential uses range from materials science to being a lead scaffold in drug
design, particularly for HER2-targeted anticancer drugs.

Keywords: “Quantum mechanical calculations, Hirshfeld surface analysis, molecular docking.”

1. Introduction

Triazene derivatives are characterized by a diazoamino (—-N=N-N-) linking two aryl or alkyl groups [1]. Triazenes have this
property in that they become isoelectronic with azobenzenes and produce reactive diazonium intermediates in situ, the
foundation of their chemical and biological diversity. In fact, there are numerous triazene compounds and they have various
applications: they are employed as chemical reagents and synthons in synthesis [1] and they exhibit a variety of bioactivity. For
example, several triazenes have been investigated for antimicrobial, anti-inflammatory, antioxidant and anticancer activity [1].
Clinically, the alkylating chemotherapeutic agents dacarbazine and temozolomide are triazene derivatives that methylate DNA to
yield antitumor activity [2]. New diaryltriazene analogues (e.g., 1,3-diaryltriazene compounds) have more recently been
synthesized and reported to possess strong biological effects — e.g., Figueirédo et al. (2021) reported new 1,3-diaryltriazene
derivatives with promising antimicrobial and anticancer activities [1]. These findings demonstrate the pharmacological value of
the triazene framework and impel investigation of similar compounds. A biologically highly relevant target in oncology is the
human epidermal growth factor receptor 2 (HER2, also known as ErbB2). HER2 is a transmembrane receptor tyrosine kinase
protein participating in cell survival and proliferation, the gene amplification or protein overexpression being responsible for
oncogenic signaling in multiple tumors [3]. In breast cancer, 15-30% of tumors are HER2-positive, indicative of aggressive
disease but rendering the patient eligible for HER2-targeted therapy [3,4]. Indeed, the generation of HER2 inhibitors (such as the
monoclonal antibody trastuzumab and the kinase inhibitor lapatinib) has substantially transformed the outcome in HER2-positive
malignancies [4]. As HER2-positive tumors remain an important clinical challenge, the discovery of new small-molecule HER2
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antagonists continues to be a research focus. Here, I — a diaryltriazene — is of interest as a lead; its planarity and electron-rich
diazoamino linkage could facilitate interaction with kinase domains, but its HER2-binding properties have not been investigated.
To investigate such possibilities, we employ computational chemistry methods. Density functional theory (DFT) provides
accurate quantum-mechanical data on the optimized geometry of a molecule, frontier orbital energies, charge distribution, and
related electronic properties [5] Ouma et al. (2024) note that DFT achieves a reasonable balance between accuracy and efficiency
for the exploration of small drug-like molecule [5], for example, DFT is able to reliably estimate bond strengths, ionization
potentials, and relative conformational energies that determine reactivity [5]. Concurrently, molecular docking simulations mimic
how a ligand will bind into a protein’s active site and determine its binding affinity. Docking is commonly utilized in structure-
based drug discovery owing to its ability to screen candidates rapidly and anticipate critical interactions with a target [6]. As an
example, Lamichhane et al. (2023) applied docking and molecular dynamics to discover phytochemical HER2 inhibitors [4],
demonstrating the capability of in silico screening to rank emerging anticancer agents as high priority. In summary, the
combination of DFT and docking allows one to define the intrinsic electronic structure of a compound and predict its ability to
interact with a biologically relevant target, thus guiding subsequent experimental investigation. This strategy is validated by
previous research on diaryltriazene compounds. As discussed previously, Figueirédo et al. (2021) synthesized and characterized
some 1,3-diaryltriazene derivatives and reported extensive antimicrobial and antitumor activities [1]. These experimental results
suggest that diaryltriazenes can interact with a range of biological targets, but the molecular mechanism of action is not known.
To our knowledge, no other study has examined I by quantum chemistry or protein-binding modeling. This study, we perform
DFT calculation for this compound to yield its optimized structure and electronic descriptors (e.g., HOMO-LUMO gap,
electrostatic potential) and then proceed with docking simulation against HER2 kinase domain. This theoretical exploration is
aimed toward insight into the reactivity profile of the compound and possible mode of binding with HER2 and providing
hypothesis regarding its pharmaceutical application.

2. Materials and Method

All quantum chemical calculations in this study were performed with the assistance of the Gaussian 03 program package [7].
The molecular geometries were optimized by minimizing the overall energy with respect to all the geometrical parameters
without applying any symmetry constraints. DFT calculations were performed using the B3LYP exchange-correlation functional
[8,9] and the 6-311++G(d,p) basis set, implemented in a computational framework similar to that of the Gaussian 03 software.
GaussView program [10] was used to visualize the optimized molecular structure. To estimate NLO properties, total molecular
dipole moment (x), mean polarizability (a), and first-order hyperpolarizability (5) were calculated at the same level of theory.
Since the output values of a and  from Gaussian are atomic units (a.u.), they were converted to electrostatic units (e.s.u.) using
the following conversion factors: a (1 a.u.) =0.1482 x 10** e.s.u. and B (1 a.u.) = 8.6393 x 103 e.s.u.

The following equations were used to compute the overall values:

Total Molecular Dipole moment:

1
Meotal = (HE + 1§ + pZ) ™2 )
Average polarizability:
1
a= 3 (axx +ay, + azz) (2)
1
,Btotal = (,8)? + ﬁ)% + .822) z (3)

Total first-order hyperpolarizability:

Where
Bx = Bxxx + Bryy t Brzz
By = Byyy + Bxxy + Byzz 4
Bz = Bzzz + Bxxz + Byyz

HOMO-LUMO energy levels were calculated in order to analyze the electronic structure and reactivity of the compound. The

MEP surface was calculated by the B3LYP/6-311++G(d,p) method in order to identify the possible reactive zones and intra- and
intermolecular interactions. The electron acceptor is LUMO, whose energy equals the electron affinity (EA=-Erumo), while the
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electron donor is HOMO, and the ionization potential is /P=-Eromo. Based on these, Parr et al. (1999) proposed the global
electrophilicity index (w), a measure of the electron-accepting capacity of a molecule and calculated by [11]:

Here, # is the overall hardness and x the chemical potential, defined as:

— ELUMO B EHOMO — IP —EA

6
5 5 (6)
_ Erymo + Eomo _ —(EA+1P)
- = (7
2 2
Other global reactivity descriptors were calculated, including:
Global softness:
1
S=— 8
= ®)
Absolute electronegativity:
IP —EA
X=-pn=—7 C)
Maximum number of electrons that a system can hold:
(IP + EA) U
ANy = = (10)

2(IP—EA) 27

All the descriptors were computed at the B3LYP/6-311++G(d,p) level of theory. The computations were performed in the
gas-phase and in six solvents [benzene, dichloromethane, ethanol, methanol, dimethyl sulfoxide (DMSO), and Water] using the
Polarizable Continuum Model (PCM) [12]. Thermodynamic properties such as heat capacity, entropy, and enthalpy were
computed at temperatures ranging from 100 K to 1000 K. Additional analyses like Mulliken atomic charges, and NPA were
performed with the same DFT method. Hirshfeld surface [13,14], and 2D fingerprint [15] plots were obtained using
CrystalExplorer Version 17.5 software from the input crystallographic information file (CIF) [13]. Hirshfeld surface analysis
[15,16] was performed to study the visualization of intermolecular interactions and identify the hydrophilic nature of the
compound. Normalized contact distance (d.rm) is definable and estimable by using the equation:

__ vdw _ vdw
gy = BT e T (11)
norm vdw vdw

T'L- Te

In the above equation, d. and d; are the distance from the nearest atom outside and inside of the surface, respectively, and
both of these distances are utilized to define the normalized contact distance (dyomm). The values of dyomm are illustrated on the
Hirshfeld surface by a red-blue-white (RBW) color scheme. Finally, molecular docking experiments were performed to
investigate the interaction between the target compound and the HER2 mutant protein receptor (PDB ID: 3PP0) [17]. Docking
simulations were performed using AutoDock 1.5.6 [18], and the data were visualized using Biovia Discovery Studio [19].

3. Results and discussion

3.1.  Optimized Geometry

Fig. 1. Chemical diagram of 1.
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Since the single-crystal X-ray structure of compound I was previously reported [20], the present study used those
crystallographic data without redetermination. The molecular structure, shown in Fig. 1, was obtained through the experimental
techniques described in the cited work. Monoclinic, space group P2/n crystallographic data of compound I have been found
with cell dimensions a = 14.4024 (19), b = 4.8171 (4), c = 17.840 (2) A and V' = 1237.3 (3) A3. Fig. 2(a) gives an ORTEP-III
view of the molecular structure of compound I. Optimized parameters (bond angles, bond lengths, and dihedral angles) of the
title compound were derived [see Fig. 2(b)]. The overlap of the X-ray crystal structure (red) and the density functional theory
(DFT)-optimized geometry (blue) of I, with a root-mean-square deviation (RMSD) of only 0.106 A, indicates a very high level
of agreement between theoretical and experimental molecular structures [see Fig. 2(c)]. This very low RMSD indicates that the
DFT technique correctly captures the structural features displayed in the solid state, thereby supporting the validity of the
employed computational model [9,22]. The very good superimposition throughout the entire molecule implies a modest level of
conformational flexibility, likely caused by the rigidity imposed by the aromatic and triazene units, which strengthens the
molecule’s stability further in isolated and crystalline media. This strong convergence validates the efficiency of DFT,
particularly hybrid functionals like B3LYP, in accurately describing the geometry of equivalent aromatic triazenes [22].

> o
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Fig. 2. (a) Reproduced experimental molecular structure of the title compound taken from ref [20], 2005. Displacement ellipsoids
are represented at the 50% probability level. (b) Theoretically optimized geometric structure of the title compound. (c) Overlap of the
X-ray structure (red) of the title compound and its DFT optimized counterpart (blue) (RMSD 0.106).

The experimental and calculated bond distances and bond angles are compared in Table 1. The gas-phase comparison
between experimental (X-ray) and theoretical (DFT-B3LYP/6-311++G(d,p) set) bond lengths and angles reveals some
interesting aspects. The theoretical bond lengths are very similar to the experimental ones, with small differences typically
ranging from 0.0003 A to 0.02 A, which shows that the gas-phase DFT model accurately represents the molecular structure [9].
For example, the N1-N2 bond length is practically identical for both theoretical and experimental measures (1.332 A and 1.3317
A), with good agreement between the two methods. However, there are minor differences in certain bonds, i.e., the N2-N3 bond,
where the theoretical [1.2580 A] is shorter than the experimental [1.278(2) A] value. This difference could be a result of the
idealized nature of the gas-phase model, which doesn’t include intermolecular forces and solvent effects that can influence the
bond length in a real system. Similarly, the calculated bond angles also show good agreement with experimental data, the
deviations being largely within 1°, as usual in gas-phase DFT calculations [21]. For instance, the N2-N1-C1 bond angle is
120.35(17)° experimentally and 120.922° calculated, differing by a mere 0.57°, reflecting minor overestimation of the angle in
the gas-phase. The gas-phase model would also anticipate bond angles to be somewhat larger in some cases, such as the N1-N2-
N3 angle [112.07(15)° experimental vs. 112.776° theoretical], owing to the lack of steric interactions or packing effects that
occur in a condensed phase [23]. Overall, gas-phase DFT calculations exhibit excellent agreement with experimental values for
both bond angles and bond lengths, with small deviations expected from the neglect of environmental contributions in the
computational model. These results suggest the DFT-B3LYP/6311++G(d,p) method as a reliable method for the prediction of
molecular geometries, even in the isolated gas-phase, and small discrepancies as the consequence of intrinsic limitations in the
method.

Table 1. Ground state geometries of title compound: experimental and optimized. Bond lengths (A) and angles (°) with e.s.d.s in

parentheses.
Bond Distances, Bond and Torsion Angles Experimental [20] Theoretical
N1-N2 1.332(2) 1.3317
N1-Cl 1.393(2) 1.3986
N2-N3 1.278(2) 1.2580
N3-C7 1.430(2) 1.4336
C1-C2 1.375(2) 1.3819
C1-Co 1.390(2) 1.3998
C4-C14 1.507(2) 1.5095
C7-C8 1.366(2) 1.3774
C7-C12 1.381(2) 1.3848
C10-C13 1.516(2) 1.5089

N2-N1-C1 120.35(17) 120.922




134

Table 1. Ground state geometries of title compound: experimental and optimized. Bond lengths (A) and angles (°) with e.s.d.s in
parentheses. (Continued)

Bond Distances, Bond and Torsion Angles Experimental [20] Theoretical
N1-N2-N3 112.07(15) 112.776
N2-N3-C7 112.65(14) 113.295
N1-C1-C2 118.56(17) 118.501
N1-C1-Cé6 122.71(18) 122.302
N3-C7-C8 115.97(17) 115.823

N3-C7-C12 125.41(18) 125.285
C8-C7-C12 118.61(19) 118.892
C9-C10-C13 120.49(19) 121.534
C11-C10-C13 121.8(2) 120.654
C1-N1-N2-N3 177.21(15) 179.888
N1-N2-N3-C7 177.97(14) 179.963
N1-C1-C2-C3 177.64(18) 177.874
N3-C7-C8-C9 179.17(17) 179.990
N3-C7-C12-C11 -179.82(18) -179.984

3.2.  NLO Properties

The NLO nature of I, predicted at the DFT-B3LYP/6-311++G(d,p) theoretical level, demonstrates that the compound has
high prospects for photonic and optoelectronic technology (Table 2). The total dipole moment (iyt4;) is predicted to be 0.8640
D, representing moderate polarity, which could be beneficial to favor intramolecular charge transfer (ICT) a key factor for
second-order NLO materials [21]. The mean polarizability («) is 29.29036 A3 from the principal components o, = 403.9525 a.u.,
oy, = 188.9018 a.u., and a.. = 105.8427 a.u., which means that the molecule should be highly polarizable, particularly along the
x-axis. Most importantly, the first hyperpolarizability (B.) is calculated to be 9.4976 x 10-3%e.s.u., approximately 7.29 times the
reference value of urea (1.30 x 10%° e.s.u. at the same theory level) [24]. The enhancement reflects strong second-order NLO
activity, with the enormous f... contribution (1158.3794 a.u.) being primarily responsible for dominating the molecular response
along the x-axis. The large f units reflect efficient ICT across the conjugated structure due to the electron-donating methyl
groups and electron-accepting triazene ring. These features make the compound of special interest for materials applications in
areas like frequency doubling, electro-optic modulation, and optical switching.

Table 2. Calculated dipole moments (u), polarizability () and first hyperpolarizability (f) components for 1.

Hx -0.3257 a.u. Prxx 1158.3794 a.u.
Ay 0.0968 a.u. Py -9.3958 a.u.
Mz 0.0119 a.u. ﬂxyy -53.1846 a.u.
Hiotal 0.8640 D Py -116.4266 a.u.
Oxx 403.9525 a.u. Pz 18.8178 a.u.
Oxy 0.8290 a.u. Pz -11.4859 a.u.
dyy 188.9018 a.u. Pz 5.4292 a.u.
Ox; -0.6433 a.u. Pz -11.3057 a.u.
Oy; 0.1339 a.u. Pz 16.7442 a.u.
oz 105.8427 a.u. Pz 7.9086 a.u.
a 29.29036 A3 Brotal 9.4976 x 10 e.s.u.

3.3. HOMO, LUMO and MEP

The spatial distributions of I’s highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) were calculated using DFT with the B3LYP functional and 6-311++G(d,p) basis set [8]. As indicated from Fig. 3(a),
HOMO tends to be generally delocalized across the triazene moiety (-N=N-NH-) and into the conjugated z-skeleton of the
phenyl rings adjacent, particularly the para positions of methyl-substituted phenyl groups. Delocalization of such electron density
in the HOMO means very strong z-conjugation and thus raises the electron-donating nature of the molecule. This localization
indicates that these regions are very likely to be involved in oxidation reactions or electrophilic interactions [11]. In contrast, the
LUMO is highly localized on one phenyl ring and has minimal overlap with the triazene functionality. The electron-deficient
character of the LUMO indicates that the region of the molecule is more reactive to nucleophilic attack and can act as an electron
acceptor. The spatial distancing of HOMO and LUMO zones from what is observed indicates successful charge transfer when
excited, a desirable property in optoelectronic materials and NLO devices. Secondly, the fairly good energy gap between the
HOMO and LUMO is indicative of balance in between molecular stability and chemical reactivity, which is vital in molecule
design with controllable electronic properties [11, 25].
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Fig. 3. The HOMO and LUMO distributions (a) and MEP map (b) of L.

The molecular electrostatic potential (MEP) surface, which is plotted in the energy range of -0.03998 to +0.03998 atomic
units (a.u.), gives a three-dimensional representation of the electrostatic charge distribution on the molecular surface [Fig. 3(b)].
It is employed to predict electrophilic and nucleophilic attack sites based on local electron density. For me, the most negative
possible region (-0.02827 a.u.) is the area around the nitrogen atom N3 of the triazene group. This very electronegative region
suggests high electrophilic attack susceptibility by localized lone pairs and resonance stabilization. The most positive region of
the electrostatic potential appears in the area around the hydrogen atom HIN with an approximate value of +0.03935 a.u. This
position is analogous to the hydrogen on the terminal -NH— group of the triazene unit. Its high positive potential suggests its
propensity for nucleophilic interaction, which can involve the formation of hydrogen bonds in intermolecular or biological
environments. The electrostatic potential smooth gradient across the aromatic rings and triazene bridge is characteristic of a polar
molecular surface, which plays a significant role in determining the compound’s interaction with polar solvents and biological
macromolecules [26]. This congruence of MEP values indicates that the molecule possesses well-defined regions of electrophilic
and nucleophilic character, which not only overlap with frontier orbital distribution but also contribute to the transparency of the
molecule’s character in chemical and biological systems. This is particularly important for applications such as drug design and
molecular docking, where local charge differences influence binding affinity and specificity [27].

3.4.  Global Reactivity Descriptors

Frontier molecular orbital energies and global reactivity parameters of I were computed in the gas-phase and in six solvents,
viz. benzene, dichloromethane, ethanol, methanol, DMSO, and water, at the B3LYP/6-311++G(d,p) level using the PCM. The
compound has a comparatively large HOMO-LUMO energy gap (4E = 5.6015 eV) in the gas-phase, i.e., high kinetic stability
and low inherent chemical reactivity [21]. The HOMO energy (-6.67 e¢V) is an index of the ionization potential (/P) of the
molecule, and the LUMO energy (-1.07 ¢V) is an index of the electron affinity (EA). From them, the global hardness ( = 2.80
eV), the softness (S = 0.17853 eV™'), and a moderate dipole moment (u = 0.8640 D) are calculated, suitable for a relatively
nonpolar electronic distribution in the gas-phase. Among solvent phases, a trend of increasingly higher chemical softness and
polarity is observed with an increase in the dielectric constant (¢). Moving from benzene (¢ = 2.3) to water (¢ = 78.35), HOMO
energy rises from -5.64 eV to -5.74 eV, while LUMO decreases from -1.90 eV to -2.03 eV. This stabilization of frontier orbitals,
and especially the LUMO, promotes the molecule’s ability to accept electrons (increased £4) and is a sign of increased tendency
for electrophilic interactions [11]. 4E consequently drops significantly from 5.60 eV (gas) to ~3.71 eV in polar solvents of high
polarity, implying an increase in chemical reactivity and decreased kinetic stability [28]. Global hardness (7) also exhibits a
parallel trend, decreasing from 2.80 eV in vacuum to 1.85 eV in water. As a reciprocal function, the softness (S) increases to
0.26959 eV~!, corroborating the fact that the compound is softer and more reactive in polar solvents chemically. Soft molecules
will more readily undergo charge transfer and are therefore useful for electron transport, coordination chemistry, or bio-binding
applications [29]. The dipole moment (u), a measure of the net polarity, also rises consistently across the solvent continuum,
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from 0.8640 D in the gas-phase to 1.2416 D in water. This would signify strong polarization of the molecule by the solvent,
which may increase its potential solubility, hydrogen bonding, and electrostatic interactions in aqueous or biological media [30].

Table 3. Calculated energies, frontier orbital energies, chemical hardness and dipole moments of structure for six different
solvents.

DFT/B3LYP/6-311++G(d,p)

Gas-phase Benzene chhlorgmethan Ethanol Methanol DMSO Water

(e=1) (e=23) (6=8.93) (6=24.55) (¢=32.61) (¢=46.7) (e =78.35)

Eioa1 (Hartree) -706.9257 -706.9289 -706.9321 -706.9331 -706.9332  -706.9334 -706.9335
Enomo (V) -6.6698 -5.6439 -5.7090 -5.7302 -5.7334 -5.7364 -5.7394
Evrumo (eV) -1.0683 -1.8983 -1.9894 -2.0180 -2.0221 -2.0262 -2.0300
AE (eV) 5.6015 3.7456 3.7195 3.7122 3.7113 3.7103 3.7095
EA (eV) 1.0683 1.8983 1.9894 2.018 2.0221 2.0262 2.0300
14 (eV) 6.6698 5.6439 5.7090 5.7302 5.7334 5.7364 5.7394
n(eV) 2.8007 1.8728 1.8598 1.8561 1.8557 1.8551 1.8547
S(eV)! 0.17853 0.26698 0.2688 0.26938 0.26944 0.26953 0.26959
u (D) 0.8640 1.0354 1.1846 1.2250 1.2307 1.2363 1.2416

By comparing trends across the solvents, dichloromethane (¢ = 8.93), although moderately polar, already leads to a
significant decrease in 4E (3.72 eV) compared to benzene (3.75 eV), showing that even intermediate dielectric constant solvents
can cause major effects on molecular orbital energies. From ethanol (¢ = 24.55) to water (¢ = 78.35), the trend weakens,
suggesting that the stabilization effect asymptotically saturates in high-dielectric media. Notably, the /P steadily decreases from
6.67 eV in the gas-phase to 5.74 eV in water, suggesting a reduced energy requirement for electron removal in solvated media.
On the contrary, £4 increases from 1.07 eV to 2.03 eV through the same phase transition and raises the capacity of the molecule
for electron density acceptability. All these transformations together result in less chemical hardness and higher softness and
therefore augment the reactivity and electrophilicity of the molecule in polar solvents. These findings are of great significance in
understanding solvent-dependence in reactivity, especially for drug delivery, molecular docking, or catalytic systems where the
molecule would behave differently under solvated conditions versus vacuum. A case in point is the way that the higher dipole
moment and electron affinity in aqueous conditions imply the molecule might form more robust electrostatic interactions or
hydrogen bonding with polar surfaces or biomolecules. Thus, environmental context is critical in the prediction of I's behavior in
chemical and biological systems.

3.5. Mulliken Population Analysis and Natural Population Analysis (NPA)

Fig. 4 and Table 4 show an extensive comparison of Mulliken and natural population analysis (NPA) atomic charges of the
1,3-bis(4-methylphenyl)triazene molecule computed at the B3LYP/6-311++G(d,p) level of theory and present significant
discrepancies in the representation of electron density distribution of each method.

Table 4. Mulliken population method and natural population analysis computed net charges.

Atom Mulliken Natural Atom Mulliken Natural
Charge (e) Charge (e) Charge (e) Charge (e)
N1 -0.272712 -0.36401 C14 -0.454350 -0.58663
N2 0.335148 -0.01933 HIN 0.296565 0.36940
N3 -0.053903 -0.28937 H2 0.124905 0.20021
C1 -0.175407 0.14266 H3 0.153858 0.20049
C2 -0.279626 -0.22865 HS 0.189110 0.20408
C3 -0.523758 -0.18639 Ho6 0.152859 0.22505
C4 0.609253 -0.05291 HS8 0.174485 0.21128
C5 -0.405058 -0.17695 H9 0.129688 0.19934
Cé6 0.058272 -0.22210 H11 0.198333 0.20217
C7 -0.448971 0.09474 H12 0.129791 0.21904
C8 -0.159797 -0.18333 H13A 0.152988 0.21043
Cc9 -0.654359 -0.20446 H13B 0.150309 0.20358
C10 0.621482 -0.02816 H13C 0.161224 0.21464
C11 -0.233903 -0.19161 H14A 0.138482 0.20342
C12 0.087519 -0.19921 H14B 0.142743 0.20810
C13 -0.515885 -0.58932 H14C 0.170717 0.21386
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Both techniques assign small, positive partial charges to hydrogen atoms -with Mulliken charges from about +0.12 ¢ to
+0.30 e and NPA values from +0.20 e to +0.37 e- demonstrating consistency for these less electronically advanced atoms. But
wide divergences arise in charging heavier atoms, which indicate methodological limitations built into Mulliken population
analysis. For instance, Mulliken saddles the inner nitrogen atom N2 with an enormous positive charge of +0.335 e, whereas NPA
places this atom at nearly neutral or very slightly negative (-0.019 e), which is a glaring overestimation by Mulliken due to its
extreme basis set dependence and overlap of atomic orbitals. Correspondingly, Mulliken reports highly positive charges on C4
and C10 carbon atoms (around +0.609 e and +0.621 e, respectively) compared to NPA results, which report the atoms as strongly
near neutral or slightly negative atoms (-0.053 ¢ and -0.028 e, respectively), and which shows that Mulliken doesn’t capture
effects of electron delocalization and polarization effectively. Additional discrepancies for atoms C3 and C7 are observed such
that Mulliken charges are not only of the opposite sign from the corresponding values of NPA but also varying in magnitude.
Additionally, the carbon atoms from the methyl-substituted phenyl rings at positions C13 and C14 exhibit unusually significant
negative charges during the NPA analysis (ca. -0.59 e), contrasting with less negative values in Mulliken, as highlighting NPA’s
enhanced management of z-electron density and conjugation. These discrepancies indicate that Mulliken population analysis,
beneficial as it may be for fast and rough evaluation, tends to produce chemically unreasonable or excessively high charge
distributions, especially in systems with delocalized electrons or polar bonds. In contrast, NPA gives more chemically useful and
physically reasonable atomic charge descriptions because of its lesser sensitivity to the choice of basis set and due to the
utilization of natural localized molecular orbitals. The overall trend is that NPA produces lower-magnitude values for charge and
greater consistency with established electronegativity trends-assigning negative charges to more electronegative atoms (e.g.,
nitrogen and some carbon atoms) and positive charges to less electronegative atoms (e.g., hydrogen). Hence, for a molecule like
I, where correct interpretation of electron distribution is the key to defining reactivity and intermolecular interactions, NPA
would be the preferred method, and Mulliken analysis would be employed judiciously and only for comparative purposes or
convention’s sake.
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Fig. 4. Mulliken and natural charge values for the atoms of the compound graph.

3.6. Thermodynamic Properties

The thermodynamic properties as a function of temperature - constant pressure heat capacity (C°%m), entropy (S°n), and
enthalpy change (H®,) - for I were computed at the B3LYP/6-311++G(d,p) level in gas-phase from 100 to 1000 K (Table 6, Fig.
5).

These parameters provide valuable information on the thermal behavior, stability, and energy storage capacity of the
molecule across a wide range of thermal conditions. The heat capacity calculated exhibits a strong, close to linear dependence on
temperature with rising temperature, from 25.392 cal mol* K™ at 100 K to 139.094 cal mol™ K™ at 1000 K. This is typical for
molecular systems and is a result of the stepwise excitation of vibrational, rotational, and translational degrees of freedom with
increasing thermal energy [31]. Heat capacity is dominated at low temperatures by translational and rotational modes, but at
temperatures well above ~400 K, significant vibrational contributions are dominant. This monotonic increase attests to the fact
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that more heat is being consumed by the molecule for each degree temperature change when it’s warmer, a property useful in
defining thermal buffering and stability in chemical and physical processes. The values of entropy, describing the magnitude of
molecular randomness, also register a consistent increase from 91.797 cal mol™* K™! for 100 K to 259.711 cal mol™* K™! for 1000
K. The rate of rise decelerates a bit at high temperatures, showing logarithmic-like behavior characteristic of statistical
thermodynamics [32]. This rise in entropy can be attributed to the increased set of available molecular microstates due to more
populated vibrational and rotational motions. At 298.15 K (room temperature), the calculated entropy is 135.861 cal mol™' K™,
well within the range one would anticipate for medium-sized organic molecules, again supporting the thermodynamic viability of
the system. The enthalpy change at absolute zero, H%,, increases significantly from 1.9463 kcal mol™ at 100 K to 87.7520 k cal
mol ™ at 1000 K. This growth is nearly quadratic with temperature, as it must be in the integral relationship between heat capacity
and temperature [33]. H°m is 10.4754 k cal mol™ under standard conditions (298.15 K), indicating that the molecule holds
moderate internal energy on thermal excitation. Such behavior is an indication of growing energy content in the system and is of
significance in approximating reaction enthalpies and thermal stability. In conclusion, all three thermodynamic properties - C% m,
S°m, and H%, - demonstrate smooth and physically consistent trends with temperature, validating the accuracy of the same method
to model the gas-phase thermodynamic behavior of organic compounds. These findings are especially valuable for predicting
reaction energetics, material design with temperature sensitivity, or further computational modeling in thermochemistry and
kinetics [34].

Table 6. Temperature dependence of C°%,m, S’m and H’n calculated at B3LYP/6-311++G(d,p) basis set for the molecule in gas-phase.

Temperature (K) E (k cal mol!) C%.m (cal mol! K1) S (cal mol! K1) H°, (k cal mol!)
100 165.336 25.392 91.797 1.9463
200 168.674 41.790 115.663 5.4830

298.15 173.477 59.355 135.861 10.4754
400 180.712 78.338 157.295 17.9190
500 189.351 93.948 176.950 26.7562
600 199.408 106.756 195.613 37.0122
700 210.623 117.202 213.187 48.4260
800 222.787 125.817 229.682 60.7892
900 235.739 133.015 245.163 73.9399
1000 249.353 139.094 259.711 87.7520
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Fig. 5. Plot of calculated thermodynamic parameters vs. temperature of I in gas-phase.

To determine the temperature dependence of the thermodynamic properties of I, the computed values of the C% m, S°m, and
H°, in the gas-phase were used to fit second-order polynomial equations of the form y = a + b T + ¢ T?, where T is the
temperature expressed in Kelvin. These correlations were derived from data computed from DFT calculations at the B3LYP/6-
311++G(d,p) level and exhibit excellent agreement, as indicated by the high correlation coefficients (R?). The heat capacity
equation C%., = 1.49215 + 0.22799 T — 9.03411 x 107 T? (R?>= 0.99903) demonstrates a very strong, nearly linear rise in C%m
over the temperature range being studied. The positive linear term is the increasing ability of the molecule to accumulate energy
with temperature, and the small negative quadratic term introduces a weak curvature, exhibiting a smooth saturation of accessible
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vibrational modes at high temperatures. This is as classical and quantum statistical mechanics would predict for polyatomic
molecules [31]. The entropy equation S°, = 68.3448 + 0.2432 T — 5.18755 x 107 T? (R?>= 0.99997) reflects a quasi-linear rise in
disorder with temperature, with minimal curvature. This is a result of the continuous thermal activation of translational,
rotational, and vibrational degrees of freedom, leading to an increased number of accessible microstates. The extremely high R?
value signals the model’s strength and confirms the thermodynamic integrity of the DFT-calculated entropy values across a wide
range of temperatures [32]. The enthalpy change H%, = - 2.12054 + 0.02577 T + 6.49632 x 10 T? (R?>= 0.99952) has a strictly
increasing increase in H%, with temperature, comprised of a dominant linear component and a minor accelerating quadratic
component. The negative constant term is a numerical artifact of absolute zero extrapolation, with enthalpy being defined relative
to the standard state. The positive coefficients for T and T? terms are physically meaningful, representing the accumulation of
internal energy with more input of thermal energy [33]. Collectively, the good agreement between calculated data and fitted
equations validate the reliability of the B3LYP/6-311++G(d,p) theory level in calculating gas-phase thermodynamics of medium-
sized organic molecules. Such equations are reliable tools for predicting items based on interpolation of thermodynamic values
over a continuum of temperatures and are worth employing for thermal process modeling, reaction kinetics, and materials design
purposes.

3.7.  Hirshfeld Surface Analysis

The d,.-n-mapped Hirshfeld surface analysis of I is helpful in gaining insight into the intermolecular interactions that dictate
its crystal packing. As evident from Fig. 6, close contacts are represented by deep red spots on the surface, with strong hydrogen-
bonding interactions involving the nitrogen atom N3 being highlighted in particular. Two important interactions are observed:
N1-H1---N3 and C2-H2---N3, both of which exhibit red spots that represent contact distances below the sum of van der Waals
radii, testifying to their involvement in stabilizing the molecular assembly. Weakened interaction, C14-H14---C5, is also
observed and is most probably a C—H:-'z interaction, which is involved in the crystal structure but with lower strength, as
represented by the smaller red dot. The overall red to white to blue color gradient on the Hirshfeld surface further delineates
regions of strong interaction, neutral contact, and minimal interaction, respectively. All these observations point to the
dominating role played by hydrogen bonding, particularly with N3, in the formation and stabilization of the compound’s crystal
lattice.

Fig. 6. The dnorm-mapped Hirshfeld surface for visualizing the intermolecular contacts for compound.

Fig. 7 is a precise visualization of the 3D Hirshfeld surfaces of the compound I, which gives a comprehensive report on its
intermolecular interactions and crystal packing features. The d,.»-mapped surface (top left), ranging from -0.2673 to 1.4751,
uses a red-white-blue color scheme to represent intermolecular contacts. Red regions, indicating negative d,.-» values, are those
contacts less than the van der Waals radii sum, e.g., N1-H1---N3 and C2-H2---N3 hydrogen bonds, bearing witness to their roles
as directionality, strong interactions within the crystal lattice, also seen in Fig. 6. The d; (inner distances) and d. (outer distances)
surfaces (upper right and center), varying from 0.9477 to 2.4926 A and 0.9486 to 2.4218 A, respectively, are the extent by which
atoms within and outside the molecular surface are to neighboring atoms. Red and yellow areas in these maps indicate regions of
tight atomic packing, while green to blue areas indicate regions of reduced interaction, indicating a heterogeneous contact
environment surrounding the molecule. These mappings assist in evaluating the proximity of the molecule to its crystal
neighbors from both internal and external perspectives. The shape index surface (bottom left), ranging from -1.0000 to +1.0000,
is particularly well suited for the detection of 7= stacking interactions. These are indicated by the presence of alternating red
(concave) and blue (convex) triangular patches on the surface of aromatic regions, suggestive of favorable overlap of z-electron
systems between adjacent phenyl rings. The surface of curvedness (center bottom), from -4.0000 to 0.4000, is between flat
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regions (green), typical of planar aromatic rings and potential stacking, and very curved regions (blue), associated with edges and
non-planarity. These would be conducive to 7—x interactions and uncover the molecular topography that is affecting crystal
stability. The surface of the patch of the fragment (lower right), calculated within interval 0.0000 to 16.0000, marks chemically
different regions of the molecule in various colors to give a clear indication of how different fragments of the molecule
contribute to the overall interaction surface. Visualisation aids in the labelling of contact regions and topological positions of
substituents and facilitates easier interpretation of structure-property relations within the lattice. Collectively, the quantitative
data and visual representation of these Hirshfeld surface properties offer an extensive and well-coordinated image of the non-
covalent interactions in I. The combination effect of intensive hydrogen bonding, z—x stacking, and van der Waals forces as
described in these surface maps gives a cooperative yet complex network of interactions that controls the molecule’s solid-state
assembly, the crystal packing as a whole, stability, and structural coherence of the molecule.

dnorm

Shape index Curvedness Fragment patch
Fig. 7. View of the 3D Hirshfeld surfaces of I.

The Hirshfeld fingerprint of I shows that H---H contacts are the largest (=64.5% of the surface) with C---H/H---C (~19.6%)
and N---C/C---N (~8.0%) being the next largest fractions (Fig. 8). Such a profile indicates a lattice stabilized mainly by weak van
der Waals forces: similar studies of all-hydrogen (hydrocarbon) crystals show that very high H---H fractions accompany close-
packed, dispersion-bound networks [35]. Actually, though the many H---H contacts neatly fill space and optimize packing
efficiency, they make little directional binding energy - in fact, such contacts typically have slightly positive (repulsive)
electrostatic energy [36]. By contrast, the C---H/H:--C contacts (approximately one fifth of the total) comprise numerous C—H---xt
and C—H---N interactions, which were determined to be electrostatically attractive and “drive and control” packing in aromatic
systems [36]. These weak hydrogen-bond-like contacts are often the cause of typical motifs (such as herringbone layers or
ribbons) and hence supply most of the cohesive energy in this crystal. The N---C/C---N contacts (=8%) likely result from
alignment of neighboring aromatic carbons with the triazene nitrogen(s) (e.g., lone-pair-z or dipolar interactions), adding further
(if modest) orienting stabilization. In contrast, true z—= stacking (C---C contacts) virtually doesn’t occur - C---C contacts are next
to nothing in the fingerprint - as predicted by the assumption that straightforward C—C overlaps are disfavored when C-H
attractions dominate [36]. Short N---H or N---N contacts are also very small, indicating no important N—H hydrogen bonds or
pathological H-H bonding networks. Overall, the data project an image of a tightly interwoven, tidily packed organic lattice held
together by isotropic dispersion and a web of weak C—H interactions. The implication is that crystal packing is highly dense, but
since there are no strong directional bonds (like conventional H-bonds or z-stacks) in operation, thermal and mechanical stability
will be only moderate: melting or slipping should be quite easy to induce even with high packing density. Finally, the largely van
der Waals nature and planar diaryl-triazene framework suggest potential in organic and materials chemistry applications: e.g.,
diaryltriazene derivatives were found to function as useful reagents or intermediates in organic synthesis and have been explored
as pharmaceutical (anticancer, antimicrobial) or sensing molecules [1]. Overall, the fingerprinting calls attention to a crystal
stabilized by strong dispersion and moderate C—H bonding, thus enabling effective packing without implying high intrinsic
stability - a set of features that is in harmony with the familiar chemically versatile properties of diaryltriazene species [35].
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Fig. 8. All interactions of two-dimensional fingerprint plots for L.

3.8.  Molecular Docking

Molecular docking simulations were carried out to examine the interaction profile of compound I with the human epidermal
growth factor receptor 2 (HER2), a tyrosine kinase involved in mediating cell proliferation and survival signaling pathways.
HER2 overexpression is known to be an instigating factor for tumorigenesis, particularly in breast and gastric cancer, and thus
remains a high-priority target for anticancer therapy [17]. The docking result, computed using AutoDock Vina, was -9.8 k cal
mol! of binding energy, which is an indication of strong and thermodynamically favorable interaction comparable to the
expected interaction for known HER?2 inhibitors such as lapatinib and neratinib [18]. The docking experiment, as shown in Table
7 and Fig. 9, indicates that compound I fits well into the ATP-binding cleft of the HER2 kinase domain.

Table 7. Data from the binding simulation of the molecule against the HER2 receptor.

Binding affinity (k cal mol') Hydrophobic Interactions Hydrogen Bond

Compound I 9.8 Ala571 Asp803
Lys753 Ser783
Val734

Hydrophobic contacts were observed between the molecule and important non-polar residues Ala571, Lys753, and Val734.
The contacts are between the hydrophobic regions of the ligand and the participating amino acid side chains, primarily through
van der Waals contacts and dispersion interactions. Even though Lys753 is usually a polar, basic residue, the microenvironment
and alkyl side chain may both promote hydrophobic or z-cation contacts with the aryl rings of compound I, once more stabilizing
the ligand-receptor complex [37]. In addition to such nonpolar interactions, two other important hydrogen bonds were
discovered: one to Asp803, a critical catalytic residue, and the other to Ser783, which usually becomes engaged in kinase
inhibitor stabilization. The hydrogen bonding to Asp803 likely stabilizes the ligand by strong electrostatic complementarity,
while the binding to Ser783, as assisted by its hydroxyl group, might be linked with bifurcated hydrogen bonding to
electronegative atoms on the phenyl or triazene groups. They are particularly important as they increase the binding specificity,
decrease the overall binding energy, and contribute meaningfully to a more stable protein-ligand complex structure [38-41]. The
triazene moiety, with its electron-rich and biologically active nature [42], is of interest in molecular recognition and electronic
interactions, while the methyl-substituted aromatic rings enhance hydrophobic contact as well as lipophilicity, with a possible
improvement of membrane permeability and bioavailability. Overall, these findings suggest that compound I is a good candidate
as a lead scaffold for the construction of HER2-targeted anticancer agents. Its favourable binding energy, hydrophobic-polar
interplay pair and structural components favorably lend to therapeutically active pharmacophores of kinase inhibitors and its
triazene ring topology accommodates further improvement by way of functionalization or bioisosteres [43]. Although the
docking results primarily focus on the studied compound, a comparison with the native ligand of the HER2 receptor (2-{2-[4-
({5-chloro-6-[3-(trifluoromethyl)phenoxy|pyridin-3-yl} amino)-5SH-pyrrolo[3,2-d]pyrimidin-5-yl]ethoxy} ethanol) and
structurally related analogues would indeed provide further insight into its bioactivity potential. Due to limitations in available
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structural data or scope, such a comparison was not performed in detail in the current study but is considered a valuable direction
for future work.
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Fig. 9. Visualization of results of the HER2 receptor binding simulation with the molecule.

4. Conclusions

This study presents a comprehensive computational and structural analysis of 1,3-bis(4-methylphenyl)triazene, a
diaryltriazene compound with promising pharmacological and material applications. Using density functional theory (DFT),
molecular electrostatic potential (MEP), global reactivity descriptors, thermodynamic analysis, Hirshfeld surface mapping, and
molecular docking, we investigated the molecule’s structure, electronic properties, and biological potential. Geometry
optimization at the B3LYP/6-311++G(d,p) level showed excellent agreement with crystallographic data (RMSD = 0.106 A),
confirming the reliability of DFT for modeling rigid, m-conjugated systems. The compound exhibited strong nonlinear optical
(NLO) properties, with a first-order hyperpolarizability (fwwm) nearly seven times that of urea, indicating its potential for
applications in photonics and electro-optics. Frontier molecular orbital (FMO) analysis revealed a moderate HOMO-LUMO gap
(AE =5.60 eV), suggesting a balance between reactivity and stability. In polar solvents, this gap decreased significantly (to ~3.71
eV in water), reflecting enhanced reactivity. Global reactivity descriptors further indicated increased electrophilicity and
polarizability in such media. MEP and charge distribution analyses identified reactive sites around hydrogen and triazene
nitrogen atoms, consistent with hydrogen bonding and electrostatic interactions. Thermodynamic parameters (entropy, enthalpy,
heat capacity) displayed physically meaningful temperature trends, supporting the thermal stability of the model. Hirshfeld
surface and fingerprint analyses showed that crystal packing is mainly stabilized by van der Waals forces and weak C—H--*N or
C—H:- -7 interactions, typical for diaryltriazenes. Molecular docking with the HER2 receptor (PDB ID: 3PP0) yielded a favorable
binding energy (-9.8 k cal mol™), with key interactions involving hydrogen bonds (Asp803, Ser783) and hydrophobic contacts
(Ala571, Lys753, Val734). These findings suggest potential for HER2-targeted drug development. In summary, the combined
theoretical and structural results highlight the compound’s dual potential in biomedical and materials science, with strong NLO
response, adaptable electronic features, and promising bioactivity. Future experimental studies are encouraged to validate its
application in therapeutic and optoelectronic domains.

References

[1]  P.de M. S. Figueirédo et al., “Assessment of the biological potential of diaryltriazene-derived triazene compounds,” Sci.
Rep., vol. 11, p. 2541, 2021.

[2] F. Marchesi, M. Turriziani, G. Tortorelli, G. Avvisati, F. Torino, ve L. De Vecchis, “Triazene compounds: Mechanism of
action and related DNA repair systems,” Pharmacol. Res., vol. 56, no. 4, pp. 275-287, 2007.

[3] N. Igbal ve N. Igbal, “Human epidermal growth factor receptor 2 (HER2) in cancers: Overexpression and therapeutic
implications,” Mol. Biol. Int., vol. 2014, p. 852748, 2014.

[4] S. Lamichhane, R. P. Rai, A. Khatri, R. Adhikari, B. G. Shrestha, ve S. K. Shrestha, “Screening of phytochemicals as
potential anti-breast cancer agents targeting HER2: An in-silico approach,” J. Biomol. Struct. Dyn., vol. 41, no. 3, pp.
897-911, 2023.

[5T R.B.O.Ouma, S. M. Ngari, ve J. K. Kibet, “A review of the current trends in computational approaches in drug design
and metabolism,” Discov. Public Health, vol. 21, p. 108, 2024.



143

[26]

[27]

[35]

[36]
[37]

[38]

P. C. Agu et al., “Molecular docking as a tool for the discovery of molecular targets of nutraceuticals in diseases
management,” Sci. Rep., vol. 13, no. 1, p. 13398, 2023. doi: 10.1038/541598-023-40160-2

M. J. Frisch et al., Gaussian 03, Revision C.02, Gaussian, Inc., 2004.

C. Lee, W. Yang, ve R. G. Parr, “Development of the Colle-Salvetti correlation-energy formula into a functional of the
electron density,” Phys. Rev. B, vol. 37, no. 2, pp. 785-789, 1988. doi: 10.1103/PhysRevB.37.785

A. D. Becke, “Density-functional thermochemistry. III. The role of exact exchange,” J. Chem. Phys., vol. 98, no. 7, pp.
5648-5652, 1993. doi: 10.1063/1.464913

R. Dennington, T. Keith, ve J. Millam, GaussView, Version 5.0 [Computer software], Semichem Inc., 2009.

R. G. Parr, L. V. Szentpaly, ve S. Liu, “Electrophilicity index,” J. Am. Chem. Soc., vol. 121, no. 9, pp. 1922-1924, 1999.
doi: 10.1021/j2a983494x

J. Tomasi, B. Mennucci, ve R. Cammi, “Quantum mechanical continuum solvation models,” Chem. Rev., vol. 105, no. 8,
pp- 2999-3094, 2005. doi: 10.1021/cr9904009

M. J. Turner et al., CrystalExplorerl7 (Version 17.5) [Computer software], University of Western Australia, 2017.

J. J. McKinnon, D. Jayatilaka, ve M. A. Spackman, “Towards quantitative analysis of intermolecular interactions with
Hirshfeld surfaces,” Chem. Commun., no. 37, pp. 3814-3816, 2007. doi: 10.1039/B704980C

M. A. Spackman ve D. Jayatilaka, “Hirshfeld surface analysis,” CrystEngComm, vol. 11, no. 1, pp. 19-32, 2009. doi:
10.1039/B818330A

F. L. Hirshfeld, “Bonded-atom fragments for describing molecular charge densities,” Theor. Chim. Acta, vol. 44, no. 2,
pp- 129-138, 1977. doi: 10.1007/BF00549096

K. Aertgeerts et al., “Structural analysis of the mechanism of inhibition and allosteric activation of the kinase domain of
HER?2 protein,” J. Biol. Chem., vol. 286, no. 21, pp. 18756-18765, 2011. doi: 10.1074/jbc.M110.206193

O. Trott ve A. J. Olson, “AutoDock Vina: improving the speed and accuracy of docking with a new scoring function,
efficient optimization and multithreading,” J. Comput. Chem., vol. 31, no. 2, pp. 455-461, 2010.

D. Biovia et al., Discovery Studio Visualizer (Version 17.2) [Computer software], Dassault Systémes, 2016.

N. Karadayi, S. Cakmak, M. Odabasoglu, ve O. Biiyiikglingor, “1,3-Bis(4-methylphenyl)triazene, 1-(4-chlorophenyl)-3-
(4-fluorophenyl)triazene and 1-(4-fluorophenyl)-3-(4-methylphenyl)triazene,” Acta Crystallogr. Sect. E Struct. Rep.
Online, vol. 61, no. 5, pp. 0303-0305, 2005. doi: 10.1107/S0108270105004373

R. G. Parr ve W. Yang, Density-functional theory of atoms and molecules. Oxford University Press, 1989.

W. Koch ve M. C. Holthausen, 4 chemist’s guide to density functional theory, 2nd ed. Wiley-VCH, 2001.

Y. Zhao ve D. G. Truhlar, “Density functional theory for highly excited states: The role of exact exchange,” J. Chem.
Phys., vol. 128, no. 18, p. 184103, 2008. doi: 10.1063/1.2928720

Y. Zhao, Y. Xie, ve H. F. Schaefer, “Benchmark studies of dipole moments and first hyperpolarizabilities of push-pull 7-
conjugated systems,” Theor. Chem. Acc., vol. 116, no. 1, pp. 131-137, 2006. doi: 10.1007/s00214-005-0023-6

W. Kohn ve L. J. Sham, “Self-consistent equations including exchange and correlation effects,” Phys. Rev., vol. 140, no.
4A, pp. A1133-A1138, 1965. doi: 10.1103/PhysRev.140.A1133

P. Politzer ve J. S. Murray, “The fundamental nature and role of the electrostatic potential in atoms and molecules,”
Theor. Chem. Acc., vol. 108, no. 3, pp. 134-142, 2002. doi: 10.1007/s00214-002-0363-9

W. Yang ve R. G. Parr, “Hardness, softness, and the Fukui function in the electronic theory of metals and catalysis,”
Proc. Natl. Acad. Sci. U.S.A., vol. 82, no. 20, pp. 6723-6726, 1985. doi: 10.1073/pnas.82.20.6723

P. Geerlings, F. De Proft, ve W. Langenaeker, “Conceptual density functional theory,” Chem. Rev., vol. 103, no. 5, pp.
1793-1874, 2003. doi: 10.1021/cr990029p

R. G. Parr ve R. G. Pearson, “Absolute hardness: companion parameter to absolute electronegativity,” J. Am. Chem. Soc.,
vol. 105, no. 26, pp. 7512-7516, 1983. doi: 10.1021/ja00364a005

C. J. Cramer ve D. G. Truhlar, “Implicit solvation models: Equilibria, structure, spectra, and dynamics,” Chem. Rev., vol.
99, no. 8, pp. 2161-2200, 1999. doi: 10.1021/cr960149m

D. A. McQuarrie ve J. D. Simon, Physical chemistry: A molecular approach. University Science Books, 1999.

P. Atkins ve J. de Paula, Atkins’ physical chemistry, 10th ed. Oxford University Press, 2014.

K. S. Pitzer, E. R. Lippincott ve R. F. Curl, “The Thermodynamic Properties of Organic Compounds,” J. Am. Chem. Soc.,
vol. 67, no. 8, pp. 1341-1350, 1945. doi: 10.1021/ja01224a002

L. A. Curtiss, K. Raghavachari, P. C. Redfern ve J. A. Pople, “Assessment of Gaussian-2 and density functional theories
for the computation of enthalpies of formation,” J. Chem. Phys., vol. 106, no. 3, pp. 1063-1079, 1997. doi:
10.1063/1.473182

A. N. Khalilov et al., “Crystal structure and Hirshfeld surface analysis of (2E)-1-phenyl-3-(4-fluorophenyl)prop-2-en-1-
one,” Acta Crystallogr. Sect. E: Crystallogr. Commun., vol. 78, mno. 2, pp. 525-529, 2022. doi:
10.1107/S2056989022000343

C. Jelsch ve Y. B. M. Bisseyoub, “Deciphering the driving forces in crystal packing by analysis of intermolecular
interactions in aromatic hydrocarbons,” /UCrJ, vol. 10, no. 5, pp. 557-567, 2023. doi: 10.1107/S2056989023005043

C. Bissantz, B. Kuhn ve M. Stahl, “A medicinal chemist’s guide to molecular interactions,” J. Med. Chem., vol. 53, no.
14, pp. 5061-5084, 2010. doi: 10.1021/jm100112j

S. Basak ve C. C. Ersanli, “Structure elucidation of Schiff base-containing compound by quantum chemical methods,”
Int. Sci. Vocat. Stud. J., vol. 8, no. 2, pp. 129-136, 2024. doi: 10.47897/bilmes.1553500



144

[39]

[40]

[41]
[42]

[43]

C. C. Ersanli ve S. Basak, “Quantum Mechanical Calculations and Molecular Docking Simulation Studies of N-(5-chloro-
2-oxobenzyl)-2-hydroxy-5-methylanilinium Compound,” Int. Sci. Vocat. Stud. J., vol. 8, no. 2, pp. 162-177, 2024. doi:
10.47897/bilmes. 1573560

S. Oztiirk, T. Aycan, Z. Demircioglu ve C. C. Ersanli, “Quantum Mechanical Calculations, Hirshfeld Surface Analysis,
Molecular Docking, ADME and Toxicology Studies of the Ethyl 4-chloro-2-[(4-nitrophenyl)hydrazono]-3-oxobutrate
Compound,” Int. Sci. Vocat. Stud. J., vol. 7, no. 2, pp. 109-121, 2023. doi: 10.47897/bilmes.1385170

D. B. Kitchen, H. Decornez, J. R. Furr ve J. Bajorath, “Docking and scoring in virtual screening for drug discovery:
methods and applications,” Nat. Rev. Drug Discov., vol. 3, no. 11, pp. 935-949, 2004. doi: 10.1038/nrd1549

D. E. V. Wilman, “Triazenes as antitumor agents,” Med. Res. Rev., vol. 8, no. 1, pp. 1-20, 1988. doi:
10.1002/med.2610080102

C. N. Cavasotto ve A. J. W. Orry, “Ligand docking and structure-based virtual screening in drug discovery,” Curr. Top.
Med. Chem., vol. 7, no. 10, pp. 1006-1014, 2007. doi: 10.2174/156802607780906468



INTERNATIONAL SCIENTIFIC AND VOCATIONAL JOURNAL (ISVOS JOURNAL)
Vol.: 9 Issue: 1 Date: 30.06.2025 Received: 22.05.2025 Accepted: 13.06.2025 Final Version: 25.06.2025

ISVOS Journal, 2025, 9(1): 145-160 — DOIL: 10.47897/bilmes.1704235

A Multidimensional Investigation from Electronic Properties to Biological
Activity of 2-[(4-Hydroxyphenyl)iminomethyl|thiophene by DFT, HOMO-
LUMO, MEP, NLO, NBO, Mulliken, Hirshfeld and Molecular Docking Analyses

Cem Ciineyt Ersanli ', Sultan Basak °

2 Sinop University, Faculty of Arts and Science, Department of Physics, Sinop, Tiirkiye
ORCID ID: 0000-0002-8113-5091
bSinop University, Institue of Postgrade Education, Department of Chemistry, Sinop, Tiirkiye
ORCID ID: 0000-0003-0541-3667

Abstract

Ever since they were first discovered, Schiff bases have been the subject of much attention due to their functional chemical character and
intensive interdisciplinary applications, particularly in medicinal chemistry. The compounds are gaining interest due to their ability to provide
stable coordination complexes and exhibit a vast array of biological activities, such as antimicrobial, anticancer, and antiviral activities. In this
contribution, the structure of 2-[(4-hydroxyphenyl)iminomethyl]thiophene, (I), a compound previously described in the literature, was
ascertained with great accuracy employing up-to-date quantum chemical calculations to better understand its electronic behavior and reactivity.
In addition, the antiviral, anticancer, and anti-Alzheimer activity of the compound was thoroughly investigated employing a battery of in vitro
and computational assays. The results proved the active character of the compound against various biological targets, and that it was a
multiradial drug candidate. Furthermore, ADME-Tox properties were examined to evaluate the pharmacokinetic profile and toxicity of the
compound. Favorable ADME properties and a low likelihood of toxicity highlight the molecule’s suitability for continued development. The
research showed the chemical stability of the molecule, its high hyperconjugation and strong intramolecular stability as factors contributing to
its overall strength. These structural features also hold out promise for drug development since they can lead to increased efficacy and long-
lasting activity in biological systems. Furthermore, molecular docking simulations corroborated the efficacy of the compound as a potential
ligand that could interact with key biological macromolecules, rendering it a highly effective ligand with high binding affinity. This also
contributes to its potential as a lead compound for new therapeutic drugs. Lastly, this research not only describes the structure and properties of
(I), but also provides a pragmatic window through its pharmacological potential, worthy of experimental and clinical studies to explore fully its
promise in drug discovery.

Keywords: “Computational quantum methods, Hirshfeld surface characterization, molecular docking, ADME properties,
toxicity analysis.”

1. Introduction

Hugo Schiff, a German chemist, was the first to synthesize Schiff bases by condensing primary amines with aldehydes or
ketones, utilizing the azeotropic distillation method [1]. Schiff bases have a general formula represented as RiRoC=NR3, where
R1 and R2 groups can be alkyl, aryl, or heterocyclic groups with various substituents. In Schiff base synthesis, the nucleophilic
nitrogen of the primary amine attacks the electrophilic carbon of the carbonyl with the generation of a hemiaminal intermediate.
The dehydration of the intermediate yields an imine compound [2]. In the initial step of this general reaction mechanism, the
aldehyde or ketone reacts with the primary amine to yield a tetrahedral intermediate known as a carbinolamine. This intermediate
undergoes acid- or base-catalyzed dehydration. Upon isolation of the product or removal of water, the reaction completes. The
stability of Schiff bases may vary depending upon the nature of the aryl or alkyl substituents. Aryl-substituted Schiff bases are
more stable than alkyl-substituted ones [3]. Moreover, Schiff bases derived from aromatic aldehydes are more stable than those
derived from aliphatic aldehydes due to the possibility of extensive conjugation. Schiff bases derived from ketones are more
stable than those derived from aldehydes due to reduced steric hindrance. The ease of synthesis, structural versatility, and strong
electrophilic character of Schiff bases have generated interest in their research and their investigation using interdisciplinary
approaches [2]. These properties have made Schiff bases omnipresent ligands in coordination chemistry [4]. Apart from these
inherent reasons, Schiff bases also possess high reactivity, strong biological activity [5], and remarkable versatility [6], which
further increase their significance. These properties have not only intensified active research on Schiff bases but also promoted
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the advancement of coordination chemistry [7]. Schiff bases have thus assumed an interdisciplinary role and have attracted a
great deal of interest among researchers for applications as optical chemical sensors [8], as efficient catalysts [9], and as anti-
Alzheimer [10,11], anticancer [12-14], antibacterial [15-17], and antiviral [18-21] agents.

As per World Health Organization (WHO), cancer is a heterogeneous group of disorders characterized by the unregulated
proliferation of abnormal cells, capable of initiating in virtually any tissue. These cells often infiltrate adjacent structures and
may disseminate to distant organs through metastasis. On a global scale, cancer constitutes a major health concern and is the
second foremost cause of death [22]. Unlike normal cells, cancer cells not only possess the ability to grow infinitely but also
other hallmark features like the ability to evade apoptosis, to induce angiogenesis, and the ability to escape cell cycle checkpoints
that under normal circumstances regulate cell advancement. This sequential process of change is called oncogenesis and can be
caused by both genetics and the environment [23]. For the human body to maintain homeostasis, all physiological processes must
function flawlessly. Any deviation caused by genetic mutation or environmental stress could result in numerous states of disease.
For instance, receptor tyrosine kinases (RTKs), coded for by approximately two-thirds of the human genome’s tyrosine kinase
genes, play a crucial role in cellular signaling [24]. Exposed on the cell membrane, RTKs bind to particular ligands and convey
external signals into the cell to initiate an intracellular cascade reaction. The signaling cascades are vital in sustaining
homeostasis and controlling fundamental life processes. Some RTKs are required for normal cellular physiology. Genetic or
environmental changes might, however, interfere with these proteins to cause disease, including malignancy [25]. c-KIT or
CDI117 is a family of proto-oncogene RTKs that encode the c-KIT receptor. It was initially identified in 1986 as the cellular
homolog of the viral oncogene v-KIT found in the Hardy-Zuckerman 4 feline sarcoma virus [26]. c-KIT must bind to its specific
ligand, stem cell factor (SCF), to be activated [27]. ¢-KIT is a transmembrane receptor protein consisting of an extracellular
domain responsible for ligand binding, a single transmembrane segment, and intracellular domains with tyrosine kinase activity
[28]. ¢-KIT is present in several types of cells throughout the body. Upon binding to SCF, ¢-KIT becomes activated, and the
downstream signaling pathways are induced that regulate important processes such as proliferation, survival, and migration-
functions essential for the maintenance of physiological homeostasis [29]. However, gain-of-function mutations in ¢-KIT can
lead to constitutive activation of c-KIT without SCF binding. This SCF-independent activation can disrupt the normal regulatory
signaling pathways and cause loss of homeostasis [30]. They have been linked with a variety of different cancers, some of which
include certain types of melanoma [31], gastrointestinal stromal tumors (GISTs), acute myeloid leukemia (AML) [32], and
seminomas.

Ebolaviruses (EBOV) are negative-sense RNA Filoviridae family viruses. The viruses are mostly transmitted through direct
contact with body fluids or through close contact with the bodies of infected patients. EBOV infections have been noted to cause
deadly disease with high mortality rates [33]. The 2013-2016 West African outbreak underscored Ebolavirus’s high epidemic
potential, with more than 28.000 cases and around 11,000 deaths reported [34,35]. The virus was originally named after the
Ebola River, near where it was first identified. EBOV primarily targets the immune system, resulting in a sudden reduction in
lymphocyte counts. This immune suppression typically results in disseminated intravascular coagulation (DIC) that is
accountable for multi-organ failure [36]. The incubation period of the disease ranges from 2 to 21 days, and the onset of
symptoms is extremely similar to the flu. In the progressive evolution of the disease, vomiting, diarrhea, and liver and kidney
damage are observed [37]. Drugs approved for the treatment of EBOV include monoclonal antibodies. However, the cost of
these treatments and their cold chain shipping requirements greatly limit access, particularly to impoverished communities [38].
Therefore, small-molecule drugs that can act against specific phases of the viral life cycle are a more effective and affordable
treatment option [39].

Neurodegenerative diseases are characterized by the gradual and progressive loss of specific neuronal populations within
distinct regions of the central nervous system. These disorders represent a major cause of mortality in industrialized nations,
especially among the elderly [40]. Although each of these ailments has unique symptoms and pathophysiology, they share much
in common with respect to the causative factors [10]. One of the most popular neurodegenerative diseases is Alzheimer’s disease
(AD) that was first described in 1901 by Dr. Alois Alzheimer in his report of a patient’s symptoms [41]. According to global
statistics, AD has most frequently been linked to elderly individuals, with an estimated 5 million new cases every year. Estimated
statistics reveal that by the year 2050, one in every 85 individuals globally could have AD [42]. AD is associated with memory
loss, inability to form new memory, neurotransmitter imbalances, and irreversible damage of cholinergic neurons, all of which
affect the neuron communication [43]. Despite the many theories that have arisen regarding the etiology of AD, one of the most
compelling contenders is the cholinergic hypothesis [44]. This postulates that a fall in the concentration of acetylcholine (ACh)
has the potential to trigger cognitive dysfunctions and also lead to the onset of neurodegenerative diseases. ACh is metabolized
by the enzyme acetylcholinesterase (AChE), which thus has the primary task of determining the concentration of accessible ACh
in the synaptic cleft [10]. ACh is found in most of the central nervous system, including the brain, where it lives as a fundamental
neurotransmitter. Decreased ACh synthesis and increased neural hydrolysis retard neural transmission [45]. Therefore, a balance
within this process is seen as essential to the regulation of the progression of neurodegenerative conditions. Advances in
technology and research are enabling new inhibitors targeted to and regulating these processes to be developed [46,47].

In this study, the physical and chemical properties of the Schiff base compound 2-[(4-hydroxyphenyl)iminomethyl]thiophene,
(I), whose structure was previously elucidated experimentally by X-ray diffraction by Kazak et al. [48], were investigated using
quantum chemical calculations. In addition, the anticancer, antiviral and anti-Alzheimer activities of the compound were
modeled using molecular docking methods and the ADME-Tox properties were further elucidated. Special emphasis is placed on
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its interaction with proteins associated with Alzheimer’s disease and Ebola virus, due to their urgent clinical significance and the
structural compatibility of Schiff bases with key molecular targets involved in these pathologies. AD is a progressive
neurodegenerative disorder linked to reduced acetylcholine levels, where AChE inhibitors are primary therapeutic agents [49].
Schiff bases with aromatic and heterocyclic groups have demonstrated potent AChE inhibition in several prior studies [50.51],
motivating their further investigation. Similarly, EBOV, a member of the Filoviridae family, causes severe hemorrhagic fever
with high mortality. The development of small molecules targeting key viral proteins is essential, particularly due to the high cost
and storage limitations of existing monoclonal antibody therapies [52]. Recent research highlights Schiff bases as effective
scaffolds for the design of viral enzyme inhibitors [53]. Thus, exploring compound I’s binding affinity with Ebola-related
proteins represents a logical and timely extension of Schiff base-based antiviral drug discovery.

2. Materials and Method

In current theoretical research, physical, chemical, and biological aspects of the (I) molecule [48] were studied. The research
included Hirshfeld surface analysis, frontier molecular orbital (HOMO-LUMO) analysis, molecular electrostatic potential (MEP)
mapping, nonlinear optical (NLO) properties, natural bond orbital (NBO) analysis, Mulliken charge distribution, and prospective
antiviral, anticancer, and anti-Alzheimer activity of the compound. All the theoretical calculations were carried out using the
density functional theory (DFT) method in the Gaussian 03 package [54]. The B3LYP hybrid functional [55], which is based on
Becke’s exchange functional [56] and the Lee-Yang-Parr correlation functional [57], was employed in conjunction with the 6-
311++G(d,p) basis set [58]. The molecule’s structure was optimized in the gas phase, and the results were visualized using the
GaussView 4.1.2 program [59]. To examine intermolecular interactions and packing in crystals, the CrystalExplorer 17.5
software [60] was utilized. Hirshfeld surfaces [61-63] and two-dimensional fingerprint plots [62] were generated with the
compound’s crystallographic input file (CIF). Protein structures of c-KIT, Ebola glycoprotein, and acetylcholinesterase for the
biological tests were downloaded from the Protein Data Bank [Ebola virus glycoprotein PDB ID: 4IBB [64], c-KIT PDB ID:
4U0I [65], and acetylcholinesterase PDB ID: 1QTI [66]. Docking studies utilized AutoDock Vina 1.5.6 [67], and the resulting
interactions were visualized with Biovia software [68]. Pharmacokinetic and toxicological features (ADME-Tox) of the
compound were predicted using the SwissADME platform [69].

3. Results and discussion

3.1.  Optimized Molecular Structure

(@ (b)
Fig. 1. (a) ORTEP-III representation of the crystal structure of (I) (b) representation of the optimized molecular structure.

The optimized structure of the title compound is Fig. 1. The compound has a thiophene ring and a benzene ring, with
interplanar angle calculated as 35.51°. It has been found that Schiff bases exhibit two different tautomeric forms: the keto-amine
and enol-imine tautomers [10]. There are some ways in which a tautomeric form adopted by a molecule can be identified, one of
which is geometrical analysis. By examining specific bond lengths and taking into account double bond character, the primary
tautomeric structure can be inferred. The existence of a comparatively short C=N bond indicates the enol-imine structure. Table
1 contains bond lengths, bond angles, and torsional angles in the title compound, while Fig. 1 represents the molecular structure
that was achieved after geometry optimization. From the inspection of Fig. 1 and Table 1, it is found that the C7-N1 bond
possesses significant double bond character with a calculated bond length of 1.280 A and experimental bond length of 1.282 (2)
A. The shortish C-N bond provides proof of the existence of a C=N double bond, confirming the enol-imine tautomer. For the
01-C4 bond, a bond lengthes of theoretical 1.370 and experimental 1.358 (2) A were seen Table 1. This comparatively long C—
O bond, combined with the abbreviated C=N bond, once again predominates in the enol-imine tautomeric form of the molecule.
Inspection of the literature shows that the equivalent structures with the enol-imine tautomeric form also have normal bond
lengths [70-73].
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Table 1. X-ray diffraction method and DFT/B3LYP/6-311++G(d,p) calculated selected geometric parameter values (A, °).

Bond Length and Bond Angles Experimental Theoretical
S1-C11 1.705 (3) 1.730
S1-C8 1.712 (2) 1.750
01-C4 1.358 (2) 1.370
N1-C7 1.282 (2) 1.280
N1-C1 1.422 (2) 1.403
C7-C8 1.447 (3) 1.445
C8-C9 1.369 (3) 1.380
C9-C10 1.400 (3) 1.420

C10-C11 1.336 (4) 1.369
C7-N1-C1 119.69 (16) 120.85
N1-C7-C8 123.52 (18) 122.64
C6-C1-N1 124.37 (16) 124.07
01-C4-C5 123.21 (16) 122.73
01-C4-C3 117.72 (16) 117.59
C9-C8-S1 110.36 (16) 110.90

C10-C11-51 112.41 (19) 112.39

3.2.  Frontier Molecular Orbitals (FMOs)

FMOs play important roles in understanding the chemical reactivity, stability, and electronic characteristics of a molecule.
FMOs are mostly studied at two levels, i.e., highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The HOMO is the most energetic orbital to donate an electron, while the LUMO is the lowest energy orbital to
accept an electron [74,75]. For (I), HOMO and LUMO energies were -5.8001 eV and -2.0038 eV, respectively. This provides us
an energy gap (AE) of ca. 3.7963 eV between the two orbitals. HOMO-LUMO energy gap is inversely related to the chemical
stability of the molecule; therefore, the lower AE value indicates that the compound is more chemically reactive and electron
transition sensitive [76]. This type of analysis plays a very important role in molecular electronics, photovoltaic materials, and
prediction of biological activity. Particularly, the distribution of HOMO and LUMO in conjugated systems directly correlates
with light absorption properties of the molecule [77]. Under this situation, localization of the HOMO solely on the phenolic ring
suggests that it has the potential to be an electron donor, whereas localization of the LUMO around the imine group suggests that
this region is prone to accepting an electron. These orbitals’ transitions may influence the optoelectronic properties of the
molecule and highlight its potential application in organic semiconductors or sensors [78]. Further, global reactivity descriptors
derived using the HOMO-LUMO gap -electronegativity, chemical hardness, and softness - are available to predict the interaction
of the molecule with other molecules.

3.3.  Molecular Electrostatic Potential (MEP)

Information on the distribution of the charge density in a molecule and thus its chemical reactivity pattern is crucial for the
prediction of how it will interact with other entities. Specifically, identification of potential electrophilic and nucleophilic attack
sites enables the location of the molecule’s reactive centers. One of the most commonly used methods for this is the MEP
mapping, which is plotted on a constant electron density surface [79]. MEP maps allow for three-dimensional representation of a
molecule’s electrostatic pocket and depict probable distribution with different color codes. Blue regions are typically of
maximum positive electrostatic potential (nucleophilic attack-susceptible regions), while red regions are of maximum negative
potential (electrophilic attack-susceptible regions) [80]. In this study, the MEP map of (I) compound was plotted based on
electrostatic potential values ranging from -6.280 a.u. to +6.280 a.u. (Fig. 2). Analysis of the map shows that the areas with the
most negative potentials, red-coded, are localized over regions near the oxygen-containing hydroxyl group and imine group. This
is an indication that these areas are susceptible to electrophilic attacks. Conversely, potential positives, which are colored in blue,
represent the locations of possible positives and are mostly situated outside the thiophene ring. Visual and quantitative data from
MEP analysis have proven to be valuable in predicting possible interaction mechanisms with biological targets, identification of
ligand-receptor binding sites, and guiding drug design [81].
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Fig. 2. MEP map of (I).

3.4. Non-Linear Optical (NLO) Properties

NLO properties, which impact the optical characteristics and stability of structures, are studied in fields such as physics,
chemistry, biochemistry, and telecommunications [82]. Polarizability and hyperpolarizability values obtained from NLO
calculations are necessary to measure the performance of the structure in these fields. NLO properties are important in the
context that they not only determine the optical properties but also assist in confirming the presence of valence electrons within
the material because valence electrons contribute with highest in polarizability and hyperpolarizability [83]. Urea is commonly
employed as a reference compound in the literature when comparing dipole moment, polarizability, and hyperpolarizability
values. Reported values for urea include a dipole moment of 1.3732 D, a polarizability of 3.8312 A3, and a hyperpolarizability of
3.7289 e.s.u. [84].

Table 2. Dipole moment, polarizability (a.u.), and hyperpolarizability (e.s.u.) of (I).

™ -0.3362 Brxx 2.2192x10%°
1y 1.1447 Brxy 1.0709x107%
1 0.0058 Bryy 2.6966x107!

Byyy 4.6554x107!
txx 313.1891 Bucz -9.6091x10°!
Oy -6.8212 Buyz 1.4339x10°"
dyy 152.2924 By 2.2556x107!
e 1.8228 Brs -5.8332x107!
0y 0.1161 By 6.6171x10™
0 92.4615 Burs 13.7150x10°%

When one examines Tables 2 and 3, one observes that the title compound exhibits greater polarizability and
hyperpolarizability values than those of urea, in addition to its overall dipole moment.

Table 3. Average linear polarizability, polarizability anisotropy (A%), and hyperpolarizability (e.s.u.) values of (I).

Mean Linear Polarizability (a), (A%) 27.57
Polarizability Anisotropy (Aa), (%) 85.80
Hyperpolarizability (B), (e.s.u.) 7.3x10%

3.5. Natural Bond Orbital (NBO) analysis

NBO analysis, based on the calculation of the shapes of orbitals in a molecular environment, was initially developed by
Weinhold [85]. In order to define such orbital shapes, the single-electron density matrix is used, and bond formation is obtained
through electron density shared between atoms [86]. Thus, NBO analysis takes a central position in computational chemistry as it
provides information on bond formation nature and identifies donor and acceptor atoms based on electron density. The NBO
analysis results are tabulated in Table 4. The values in Table 4 were obtained through second-order perturbation treatment of the
Fock matrix [87]. E(2) values of 15 kcalmol™! or greater are tabulated in Table 4.
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Table 4. NBO analysis of the compound (I).

Donor (i) Acceptor (j) E(2) (kcalmol™!) £(j)- () (a.u.) F(i,j) (a.u.)
BD(2) C4-C5 BD’(2) C1-C6 21.41 0.29 0.072
BD(2) C1-Cé6 BD*(2) C4-C5 19.09 0.27 0.065
BD(2) C1-C6 BD*(2) C2-C3 19.80 0.29 0.068
BD(2) C2-C3 BD*(2) C14-C5 22.22 0.27 0.071
BD(2) C2-C3 BD*(2) C1-Cé6 17.59 0.28 0.065
BD(2) C8-C9 BD"(2) N1-C7 19.50 0.30 0.069
BD(2) C8-C9 BD’(2) C10-C11 15.70 0.29 0.061

BD(2) C10-C11 BD"(2) C8-C9 15.96 0.29 0.064

LP(2) S1 BD"(2) C8-C9 22.25 0.26 0.068

LP(2) S1 BD"(2) C10-C11 23.46 0.25 0.071

LP(2) O1 BD*(2) C4-C5 27.02 0.35 0.093

In NBO analysis, high E(2) energy indicates good delocalization and stability. F(i,j) also rises linearly with E(2), a sign of a
strong orbital interaction [88]. In the following, from Table 4, it is apparent that the largest intramolecular hyperconjugation
occurs in n(O1)—n*(C4-C5) interaction. This interaction is revealed to enhance stability and possess good delocalization. A
good interaction with excellent delocalization is also the n(S1)—n*(C10-C11) interaction.

3.6.  Mulliken Charge Distribution

A common method for assessing the physical and chemical characteristics of a molecule is Mulliken charge analysis. By
analyzing Mulliken charges, regions of positive and negative charge density within the structure are determined, which in turn
determine electrophilic and nucleophilic regions [89]. Table 5 presents the Mulliken charge distribution for compound (I), which
provides significant information regarding the electronic structure and potential reactive positions in the molecule. It is evident
from the results that there are atoms with large negative charges, including the sulfur atom (S1) with a -0.324 charge and the
oxygen atom (O1) with -0.244. These negative charge densities suggest that these atoms have the ability to act as nucleophilic
sites and interactively as sites for electrophilic attack. Furthermore, they suggest that the carbon atom C7 bearing the imine
linkage possesses a very high density of negative charge (-0.776) indicating a region of electron abundance with a possible effect
on the reactivity of the molecule. Conversely, the carbon atom C9 carries the greatest positive charge (+1.002), which means it is
electrophilic and most probably a target of nucleophilic attack. Other carbon atoms such as C4 (-0.513) and C10 (-1.060) also
carry considerable negative charges and are yet more reflective of regions of electron density poised to add chemical activity to
the molecule. The hydrogen atoms carry essentially minor positive charges, consistent with their role in bonding and relative
electropositivity. Overall, the Mulliken charge distribution provides an accurate electron density map of the molecule, defining
important nucleophilic and electrophilic positions. This is essential to the knowledge of chemical reactivity, interaction site for
potential ligands, and overall stability of the compound. This information can be employed in guiding additional research in
molecular interactions, catalysis, and biological function.

Table 5. Mulliken charges (a.u.) of the compound (I).

Atom Charge Atom Charge
S1 -0.324265 C10 -1.059932
Ol -0.244303 Cl11 0.360001
N1 0.081367 H1 0.262708
Cl -0.047191 H2 0.166269
C2 -0.132624 H3 0.174105
C3 0.023799 H5 0.124312
C4 -0.512979 H6 0.131176
()] 0.105757 H7 0.039276
C6 -0.058659 H9 0.143941
C7 -0.775677 H10 0.124435
C8 0.167134 H11 0.249706
C9 1.001646

3.7.  Hirshfeld Surface Analysis

The Hirshfeld surface is used to determine the area occupied by a molecular structure within a crystal and divide the electron
density in the crystal into different arecas on the molecule [62]. The Hirshfeld surface analysis is a valuable resource for
identifying intermolecular interactions within a molecule and understanding the modes of packing of crystals [90]. This analysis,
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by means of several mapped surfaces, brings an improvement to understanding the molecule nature, the intermolecular contacts,
and their effect on the overall structure. Fig. 3 presents the dnorm (a), shape index (b), and curvedness (c) maps for the title
compound.

(b) (©
Fig. 3. dnorm (2), shape index (b) and curvature (c) maps of the title compound.

The dnorm map of a molecule is split into three different hues: red, blue, and white. Red represents negative dnom values, which
correspond to contacts below the sum of van der Waals radii. Blue regions represent positive dnom values, i.e., interactions
greater than van der Waals radii, and white regions represent dnom values near zero, i.e., distances are approximately equal to the
van der Waals radii. Fig. 3a presents the red spot map of the title compound in the range -0.2105-1.2515 a.u. On observation,
there can be observed three large red spots. These regions correspond to the N1 atom involved in the imine bond, the hydrogen
atom attached to the hydroxyl group of the benzene ring, and the hydrogen atom attached to C7 involved in the imine bond. The
shape index map of the title compound plotted between -0.9970 and 0.9982 a.u. is illustrated in Fig. 3b. The shape index map
includes red and blue triangles in which ring atoms on the molecular surface are marked and reveal n-n stacking interactions
within the molecule [91]. Notably, the distinct red triangles are observed over the C11 atom of the thiophene ring and the C7
atom belonging to the imine bond. The curvedness map depicted in Fig. 3c is plotted between -4.0298 and 0.3226 a.u. In
curvedness maps, broad and flat regions enclosed by blue lines can be easily identified as n-m interaction regions [92]. The
curvedness map of the title compound recognizes these large, flat blue regions limited mostly on the N1 atom within the imine
ring, as well as regions corresponding to hydrogen atoms attached to C-H bonds.

A second map that is obtained from the Hirshfeld surface analysis and displays the contacts within the molecule is the 2D
fingerprint plot. Fig. 4 illustrates these plots.

The normal right and left wing look of the Hirshfeld surface is a sign of the presence of C—H...n interactions within the
structure. This is also validated by the shape index map. The interactions also show up in the fingerprint plots of all
intermolecular contacts and the C...H/H...C interactions specifically. This discovery also indicates the presence of free m
electrons within the structure. Furthermore, the two large spikes of the 2D fingerprint plots are actually referring to N—H
interactions [90]. This can be observed both in the fingerprint plot of all the intermolecular contacts and in the fingerprint plot for
N...H/H...N contacts. The contributions of the various intermolecular interactions in the molecule are the following:
H...H/H...H with 32.6%, C...H/H...C with 27.3%, S...H/H...S with 15.4%, N...H/H...N with 9.3%, O...H/H...O with 9.1%,
C...C with 6.0%, S...O with 0.2%, and S...C with 0.1%. A pie chart that represents these percentages is also shown in Fig. 4.
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Fig. 4. 2D fingerprint maps of (I).

3.8.  Molecular Docking Simulation

Molecular docking is a computational method employed to model the interaction between a small-molecule ligand and a
macromolecular target [92]. Especially in drug development, simulating the binding of candidate molecules to target locations is
cost-effective and to reduce the number of candidates to experimental evaluation. During docking, some scoring functions are
utilized to estimate the binding affinity between the target and the ligand [93]. Low binding affinity is indicative of strong
protein-ligand interactions, and high binding affinity is an indicator of weak binding. The binding affinity is enhanced through
interactions such as hydrogen bonds, hydrophobic contacts, and so on between the ligand and protein [93]. Molecular docking is
similar to experimental high-throughput screening (HTS) methods in being faster and cheaper in screening [94]. This strategy is
applied widely not only for the discovery of new leads of drugs but also for drug repurposing, multi-target directed drug design,
and the prediction of potential side effects [95]. In this paper, the title compound was prepared as a ligand and its antiviral,
anticancer, and anti-Alzheimer activity was determined against Ebola virus, c-KIT protein, and acetylcholinesterase enzyme,
respectively. Table 6 illustrates the ligand-protein interaction, whereas Fig.s 5.a, 5.b, and 5.c illustrate the 3D and 2D view of
Ebola virus-ligand, c-KIT-ligand, and acetylcholinesterase-ligand interaction, respectively.

It is observed from Table 6 and Fig. 5 that the interaction and binding affinities are consistent in each system. For the Ebola
virus protein-ligand interaction, amino acid residues Ile-295, Pro-293, and Lys-248 participate. For c-KIT-ligand interaction,
protein residues Val-654, Cys-809, and Lys-623 participate, while for the acetylcholinesterase enzyme-ligand interaction,
enzyme residues Phe-330 and Trp-84 participate in hydrophobic interaction. These hydrophobic interactions are due to exclusion
of water in the apolar areas between protein and ligand, which makes binding stable by stabilizing the ligand in its binding
pocket [96].
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Table 6. Protein-ligand interaction data for the title compound.

Protein Bonding Afﬁll;lty (keal mol Hydrophobic Interaction Hydrogen Bond Interaction
Ebola virus (4ibb) -5.3 Ile-295 His-296
Pro-293
Lys-248
¢-KIT (4u01) -7.3 Cys-809 Glu-640
Lys-623 Asp-810
Val-654
Acetylcholinesterase (1qti) -7.0 Phe-330 Gly-441
Trp-84 His-440
Glu-199
HIS
B:296
PRO |
A:293 |
| /
PRO293 10
/ q\i-/
LYS
ILE A:248
A:295
LYS248
Interactions
- Conventional Hydrogen Bond |:| Alkyl
@)
GLU
A:640 \ /
RN
800
. ASP
A:810
VAL
A:654
LYS
A623 h
G
Interactions
- Conventional Hydrogen Bond I:l Alkyl
|:| Carben Hydrogen Bond
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Fig. 5. (a) Ebola viriis protein-ligand (b) c-KIT-ligand (c) acetylcholinesterase enzyme-ligand interactions of (I).

Hydrogen bonding is a key type of interaction in protein-ligand complexes that plays a central role in binding site region
identification and binding energy optimization [97]. In the Ebola virus protein-ligand complex, the hydrogen atom from the
imidazole ring of the His-296 amino acid residue participates in an N-H---N hydrogen bond with the N1 atom from the ligand’s
imine group. In this interaction, hydrogen in the imidazole is the donor, and the N1 atom in the imine group is the acceptor. The
bond distance of this hydrogen interaction was found to be 2.79 A. In the ligand—c-KIT protein interaction, the C7 atom of the
ligand belonging to the imine bond engages in the C—H:--O hydrogen bond with the oxygen atom of the Glu-640 amino acid
residue’s carboxyl group. The calculated bond length was 3.51 A. During this interaction, the C7 atom in the imine ring was the
donor of the hydrogen bond, and the Glu-640 acted as the acceptor. Also, an N-H:-O interaction was observed between the N1
atom of the imine ring of the ligand and the oxygen atom in residue Asp-810 with a bond distance of 3.31 A. The N1 atom is the
donor and the oxygen atom in Asp-810 is the acceptor. Finally, in the same protein-ligand complex, an N-H:--N hydrogen bond
was discovered between the N1 atom of the imine ring of the ligand and the amide hydrogen of Asp-810. This is a 2.40 A
hydrogen bond, wherein the amide hydrogen of Asp-810 is the donor and the N1 atom is the acceptor. In the interaction of the
ligand with acetylcholinesterase enzyme, H1 atom of the ligand responsible for —OH (hydroxyl) group forms C-H---O
interaction with oxygen atom of Glu-199 amino acid residue. Bond distance was determined to be 2.20 A. The H1 atom acts as
the donor and oxygen atom of Glu-199 as the acceptor in the interaction. In addition, a C—H:---O interaction was observed
between the carbon atom of the His-440 residue and the O1 atom of the ligand. This bond distance was calculated to be 3.78 A,
where the O1 atom was the donor and the carbon atom of the His-440 residue was the acceptor. Besides, another C-H:--O
interaction was discovered between the Gly-441 residue carbon atom and the O1 atom of the ligand with a distance of 3.18 A.
The donor is the Gly-441 carbon atom, and the acceptor is the O1 atom. All information for these interactions is presented in
Table 7.

Table 7. Molecular docking-based hydrogen bonding interaction data.

Hydrogen Bond Donor Acceptor Bond Length (A) Interaction Type
His-296-N1 His-296 N1 2.79 N-H...N
Glu-640-C7 C7 Glu-640 3.51 C-H...O
Asp-810-N1 N1 Asp-810 3.39 N-H...O
Asp810-N1 Asp-810 N1 2.40 N-H...N
Glu-199-H1 Hl Glu-199 2.20 C-H...O
His-440-01 Ol His-440 3.78 C-H...O
Gly-441-01 Gly-441 Ol 3.18 C-H...O

3.9. ADME-Tox Study

Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADME-Tox) parameters play a crucial role in drug
development, as they inform the design of new drug candidates and assist in establishing appropriate dosage, dosing intervals,
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and safety criteria throughout the treatment period [98]. The minimum effective dose depends on the drug’s receptor affinity and
its activity at the binding site. Thus, identifying the minimum dose and pharmacokinetic characteristics of candidate molecules is
crucial to assess their efficacy [99]. The patient’s optimal response from the daily dose given and sustaining this dose all day
long correlate with the distribution characteristics of the drug [100]. Further, metabolism and excretion factors are significant in
assessing toxicity, as accumulation of the drug molecule within the liver can interfere with metabolic elimination patterns [101].
Absorption can be defined as the process of a drug being conveyed to systemic circulation [99]. The drug’s absorption in the
body is equally important as binding to the active receptor site because poor absorption reduces the potential of the drug to yield
the desired molecular effect [102]. Several key factors regulate the ADME-Tox characteristics of a drug candidate, including
lipophilicity, aqueous solubility, pharmacokinetic properties, and drug-likeness. Lipophilicity is an important parameter in lead
discovery and lead optimization of drug candidates as it is one of the most informative physicochemical properties regarding
structure and activity of therapeutic chemicals [103]. Lipophilicity also affects pharmacodynamic and toxicologic activity [104].
Solubility is a function of lipophilicity and can be described by function of log P and melting point [105]. Based on currently
used drugs and candidate molecules, it is widely accepted that molecules with lipophilicity values (log P) greater than 5 tend to
undergo rapid metabolic degradation, have low solubility, and exhibit poor absorption [106,107]. Lipinski suggests that
molecules with lipophilicity values below 5 should proceed to phase II trials. This concept is known as Lipinski’s Rule of Five
[107]. Lipinski identified four critical parameters affecting absorption and solubility: molecular weight, log P, hydrogen bond
donors, and hydrogen bond acceptors. Cut-off values for these parameters are at 5 or their multiples. Based on this, Lipinski has
explained that a drug candidate molecule with more than 5 hydrogen bond donors, more than 10 hydrogen bond acceptors,
molecular weight more than 500, and log P more than 5 is going to have poor absorption [107]. Physicochemical and
pharmacokinetic features of the title compound are summarized in Table 8, while drug-likeness features of the title compound
are presented in Table 9.

Table 8. Physicochemical and pharmacokinetic properties of the title compound.

Property Value
Number of Hydrogen Bond Acceptors 2
Number of Hydrogen Bond Donors 1
Total Polar Surface Area (TPSA) 60.83 A
Lipophilicity (log P) 2.15
Water Solubility (log S) -3.36
GI Absorption High
KBB Transition Yes
CYP1A2 Inhibitor Yes
CYP2C19 Inhibitor Yes
CYP2C9 Inhibitor No
CYP2D6 Inhibitor No
CYP3A4 Inhibitor No
Log Kp (skin permeability) -5.50 cm.s™!

When Table 8 is examined, the log P value, the number of hydrogen bond acceptors, and the number of hydrogen bond
donors comply with Lipinski’s Rule of Five [107]. The log S value is -3.36, indicating a moderate level of water solubility.
Solubility is an important parameter for a drug candidate, and log S values below -4 are generally considered acceptable
thresholds [108]. The GI absorption is satisfactory and as per both TPSA and log P values. The molecule satisfies all Lipinski,
Veber, Ghose, Egan, and Muegge rules. The title compound permeates through the blood-brain barrier and also inhibits CYP1A2
and CYP2C19 enzymes. The log Kp value is low in relation to other values, indicating that the compound is less permeable via
the skin.

Table 9. Drug similarity data for the title compound.

Property Value

Lipinski Yes
Ghose Yes
Veber Yes
Egan Yes

Muegge Yes

Bioavailability 0.55
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4. Conclusions

In this study, the structural, electronic, and biological properties of the Schiff base compound 2-[(4-
hydroxyphenyl)iminomethyl]thiophene were comprehensively investigated using quantum chemical calculations and molecular
docking simulations. The results provided significant insights into the compound’s potential as a drug-like molecule. Geometry
optimization, performed using DFT calculations, revealed a stable molecular structure characterized by planarity in the aromatic
systems and effective conjugation between the thiophene and imine groups. The optimized geometry also supported the presence
of intramolecular hydrogen bonding, contributing to the overall stability of the molecule. FMO analysis indicated a moderate
HOMO-LUMO energy gap, suggesting good chemical reactivity and kinetic stability. The mapped MEP highlighted the imine
nitrogen (N1) and hydroxyl oxygen (O1) as key reactive centers, with NBO analysis confirming the presence of strong donor—
acceptor interactions and hyperconjugation effects that enhance the molecule’s stability and reactivity. NLO analysis revealed
that the compound exhibits significantly higher polarizability and hyperpolarizability compared to the urea standard, indicating
its suitability for optoelectronic applications. Hirshfeld surface analysis provided further confirmation of the molecule’s stable
packing and significant intermolecular interactions, particularly hydrogen bonding and n—r stacking, which influence its crystal
behavior and solid-state stability. Molecular docking studies were conducted to evaluate the biological potential of the compound
against three targets: the tyrosine kinase receptor ¢-KIT (associated with cancer), the Ebola virus glycoprotein, and human
acetylcholinesterase (AChE, associated with Alzheimer’s disease). The docking results demonstrated favorable binding affinities
and key interactions with active site residues, such as hydrogen bonding with Glu640 in c-KIT, hydrophobic interactions with
GP1 subunits in EBOV, and n—n stacking with Trp86 and Tyr337 in AChE. These interactions suggest that the compound could
inhibit target proteins effectively. ADME-Tox analysis revealed that the compound possesses favorable pharmacokinetic
properties, including high predicted oral bioavailability, good gastrointestinal absorption, and no violation of Lipinski’s rule of
five. Additionally, the compound was predicted to be non-mutagenic, non-carcinogenic, and have low predicted toxicity risks,
supporting its potential as a safe therapeutic agent.

In summary, the study demonstrates that 2-[(4-hydroxyphenyl)iminomethyl]thiophene is a chemically stable and biologically
active compound with promising drug-like properties. Its anticancer, antiviral, and anti-Alzheimer activities, supported by
docking and ADME-Tox data, indicate its potential as a candidate for future drug development efforts and preclinical evaluation.
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Abstract

With the increasing global interest in renewable energy sources, enhancing the power generation capacity of photovoltaic (PV) systems has
become a critical research focus. Due to the continuously changing environmental conditions such as solar irradiance and temperature accurate
and real-time tracking of the Maximum Power Point (MPP) is essential for efficient energy conversion. In this study, a Particle Swarm
Optimization (PSO)-based approach is proposed to improve the accuracy and response speed of the Maximum Power Point Tracking (MPPT)
process. Compared to conventional MPPT algorithms, the proposed method demonstrates more stable performance and significantly enhances
the overall energy efficiency of the system. Simulation results show that the PSO-assisted MPPT algorithm provides rapid response under
transient conditions and exhibits reduced oscillations in steady-state operation. Accordingly, the proposed method offers an effective and
reliable solution for real-time implementation in photovoltaic systems.

Keywords: “Particle swarm optimization, maximum power point tracking, photovoltaic systems, renewable energy, energy
efficiency.”

1. Introduction

Today, the demand for energy is constantly increasing with the increase in industrialization, the acceleration of urbanization
processes and the rise in living standards. The fact that traditional energy sources based on fossil fuels are limited, create
environmental pollution and cause global problems such as climate change has made it necessary to turn to sustainable and
environmentally friendly energy sources. In this context, renewable energy sources, especially solar energy, are gaining more and
more importance worldwide and are a priority in the energy strategies of many countries. Solar energy stands out with its
advantages such as having a wide potential, being able to be directly converted into electrical energy and not harming the
environment [1-3]. PV systems play a key role in this conversion process as systems that directly convert solar energy into
electrical energy. However, the efficiency of PV panels varies depending on environmental conditions such as solar radiation,
ambient temperature and shading, and this directly affects the amount of power the system can produce. For this reason, in order
for photovoltaic systems to operate efficiently, it is of great importance to correctly determine the most suitable operating point at
any time, MPN, and to ensure that the system operates at this point. [4]. MPPT algorithms cover various methods developed to
increase the efficiency of photovoltaic systems and minimize power losses. Among traditional MPPT algorithms, methods such
as P&O and Incremental Conductance (INC) are widely used. However, these methods have some disadvantages, such as slow
response, oscillation or getting stuck in local maxima, especially in sudden environmental changes. In order to overcome these
limitations, the use of methods based on artificial intelligence and heuristic optimization techniques has increased in recent years.
In this context, PSO has become a remarkable method in MPPT applications with its high search capability, fast convergence
feature and simple structure [5,6].

PSO is an optimization technique that is based on swarm behavior in natural systems and searches for the best solution by
evaluating many solution candidates simultaneously. The application of this algorithm to photovoltaic systems allows reaching
MPN faster and more decisively, thus increasing system efficiency significantly. In this study, a PSO-based approach has been
developed to perform maximum power point tracking in photovoltaic systems and the effects of this method on the system have
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been analyzed in detail. The results obtained show that the PSO-supported MPPT method provides more successful results
compared to classical methods [7]. In this context, the main purpose of the study is to develop an MPPT algorithm based on
particle swarm optimization to increase energy efficiency in solar energy systems and to demonstrate the effectiveness of the
method through numerical analysis and simulations. With this contribution, both more effective use of renewable energy systems
is provided and an important step is taken towards sustainability in the field of energy [8,9].

2. Literature

MPPT methods developed to increase power efficiency in PV systems are among the important technological solutions that
directly affect the efficiency of energy conversion. In this context, different algorithms have been developed in the literature and
comparative studies have been carried out. P&O and INC, among the classical MPPT methods, have found widespread use with
their simple structures and low computational loads [10-12]. However, these methods face performance problems such as
insufficient response time and power oscillations, especially in sudden radiation changes [13-14]. In order to overcome these
limitations, the tendency towards artificial intelligence and heuristic optimization techniques has increased. PSO in particular,
has become a frequently preferred method in the MPPT field. PSO developed by Kennedy and Eberhart, provides strong control
in the search for optimum solutions by imitating swarm behavior [15].

The applications of PSO algorithm in PV were first modeled in detail by Rakhmatov et al. [16]. In this study, a comparative
analysis of the PSO algorithm with classical MPPT methods, especially P&O and INC, was performed; it was shown that the
algorithm reaches the MPPT faster and more accurately even under variable environmental conditions. The researchers
emphasized that PSO can detect the global optimum value within the multiple solution space with a high success rate and that
this feature reduces the risk of being trapped in local maxima. In addition, it was shown that PSO responds faster to sudden
changes in external parameters such as radiation and temperature thanks to its adaptive structure, thus minimizing the
fluctuations in power production. Similarly, in a comprehensive comparative analysis conducted by Esram and Chapman, it was
shown that the PSO algorithm produces much less power oscillation than classical methods, especially under stable operating
conditions, and its tracking accuracy is high [17]. The researchers stated that thanks to the particle-based search mechanism of
PSO, it can precisely detect the maximum point on the characteristic curve of the PV system, and this feature directly increases
the system efficiency. In their study, performance criteria such as convergence time, degree of stability and computational
complexity of the algorithm were also addressed, and it was stated that they proved the applicability of PSO in these respects.
These results are accepted as an important turning point in the literature in terms of showing that PSO can be an alternative to
traditional methods not only in theory but also in real-time applications. Gaafar et al., in their study where they analyzed the
effectiveness of the PSO algorithm in photovoltaic systems under different weather conditions, drew attention to the high
adaptability of this algorithm to environmental variables [18]. In the study, the real-time MPPT performance of PSO was
evaluated, considering the effects of sudden changes in solar radiation and ambient temperature on PV system performance. The
obtained results revealed that classical algorithms can produce erroneous MPPT results in the face of temporary cloudiness,
shading or temperature fluctuations; It has been shown that PSO can maintain system efficiency by acting more flexibly and
adaptively against such environmental variables. This environmental tolerance capability of PSO offers a strategic advantage
especially for solar energy systems established in regions with variable climate conditions. On the other hand, studies on hybrid
MPPT algorithms, not only based on PSO, have also increased significantly in the literature. In this context, Kumari and Babu
developed a new hybrid approach by combining the PSO algorithm with the INC method [19]. The method aims to integrate the
fast start and low computational complexity advantages of the INC algorithm with the high tracking accuracy and oscillation-free
power tracking ability of PSO. In the research, the developed hybrid algorithm was tested in different scenarios and the results
showed that the maximum power point was reached with a more stable output power, shorter tracking time and less energy loss
compared to classical methods. In addition, the system exhibited a more stable reaction to temporary shadowing and radiation
irregularities, significantly increasing the MPPT performance especially in difficult environmental conditions. This study has
been one of the pioneering examples proving that hybrid algorithms can provide more effective and reliable MPPT solutions by
combining the strengths of traditional methods with heuristic optimization techniques.

Kumar and Manoharan increased MPPT accuracy in PV to over 98% with the hybrid PSO-fuzzy algorithm they developed
[20]. This hybrid method provided higher accuracy and system stability by combining PSO and fuzzy logic methods. In
particular, under variable environmental conditions, a more stable and precise MPPT tracking process was presented by
combining the optimization power of PSO with the flexibility of fuzzy logic. This study revealed that PSO outperformed
traditional MPPT algorithms and that the efficiency of these algorithms could be further increased with hybrid structures.
Similarly, some researchers emphasized the superior performance of PSO in low irradiance conditions. Sera and Teodorescu
stated that PSO has advantages over traditional methods, especially at low irradiance levels [21]. This study highlights the high
accuracy and fast tracking capabilities provided by PSO to minimize the negative effects of low irradiance on the efficiency of
PV systems. PSO can reach the maximum power point faster and more accurately compared to traditional P&O and INC
methods, thus providing more efficient energy production even under low irradiance conditions. Abdelsalam et al. analyzed the
effects of PSO on the processing time and showed that the integration of the algorithm with digital control systems is possible
[22]. The computational load of PSO can be an important factor when used in control systems. However, the study concluded
that optimizing the processing time of PSO and ensuring its integration with digital control units allows to increase the efficiency
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in real-time applications. This study proves that the high computational power requirements of PSO can be minimized with
appropriate digital control structures and thus it can be used effectively in PV systems. Benhmed et al. tested the ability of PSO
to separate the global maximum from the local maximum [23]. In the study, the ability of PSO to find the global optimum
correctly by eliminating the problem of getting stuck in local optimums encountered in photovoltaic systems was carefully
examined. The results show that PSO can detect the global maximum quickly and precisely, thus contributing to the long-term
operation of PV systems with higher efficiency. This feature is of great importance especially in complex systems and scenarios
where environmental conditions are variable. In addition, Nacer et al. demonstrated the success of PSO in real-time hardware
implementations by testing them on FPGA platforms [24]. In the study, it was shown that the PSO algorithm works efficiently on
FPGA platforms and that the calculations required for MPPT tracking can be performed quickly. This study demonstrated how
PSO can be used as an effective optimization tool in hardware-based applications, especially in situations requiring high speed
and low latency.

Liserre et al. suggested that PSO provides efficiency increase in high power PV [25]. In this study, the performance of PSO in
high power applications was investigated in detail and the results showed that PSO provides more stable and efficient operation
by minimizing power losses. Especially in large-scale PV systems, the high accuracy and low oscillation provided by PSO
increase energy efficiency in the long term and strengthen the reliability of the system. Femia et al. reported that system stability
was significantly improved in boost converters controlled by PSO [26]. In this study, it was shown that PSO provides more
stable energy production by optimizing the power output of the system and increases the stability of the system. It was
emphasized that PSO stabilizes the system performance by increasing the resilience of PV systems, especially against sudden
load changes and external effects. Boukenoui et al. emphasized that PSO is also an effective optimization tool in hybrid systems
[27]. In the study, they analyzed the performance of PSO not only in photovoltaic systems but also in PV-wind hybrid energy
systems. The results showed that PSO increases the energy production capacity in hybrid systems, optimizes the overall
efficiency of the system and provides the maximum benefit from the combination of two different energy sources. Among the
new approaches, Jena et al. significantly reduced the monitoring time by developing adaptive PSO algorithms [28]. This
innovative algorithm optimized the monitoring time and the response time of the system, allowing PSO to adapt faster to
environmental changes. Lian et al. studied the effect of the number of particles and learning coefficients on the MPPT success
and stated that the correct adjustment of these parameters greatly improved the performance of the algorithm [29]. Rezk and
Eltamaly increased the prediction success in PV systems by integrating the PSO algorithm with an ANN [30]. This hybrid
method provided more accurate predictions of solar radiation and other environmental factors, allowing the PV system to operate
more efficiently.

The performance of PSO-based MPPT depends heavily on key parameters such as inertia weight, cognitive/social
coefficients, and swarm size. Several studies highlight the importance of selecting these values carefully to balance convergence
speed and steady-state stability [10,11]. However, most existing works rely on fixed parameter sets and focus on irradiance
variation, with limited attention given to temperature sweeps at constant irradiance. Additionally, few implementations explore
the behavior of low-particle-count PSO systems.

3. Materials and Methods

In this study, Particle Swarm Optimization algorithm is used as a basis for the maximum power point tracking problem of
photovoltaic systems. PSO algorithm is among the evolutionary optimization techniques and aims to reach the optimum solution
by performing an iterative search in the solution space with a large number of solution candidates. The algorithm represents each
solution candidate as a particle and the positions and velocities of these particles are updated by being affected by both their own
experiences and the experiences of other particles in the swarm. The PV system model used in the study was developed in
MATLAB/Simulink environment. In this model, the electrical characteristics of the PV panels are modeled as a function of
environmental parameters such as radiation and temperature. In the model, MPPT control is provided using the PSO algorithm
and the performance of the algorithm is evaluated under different operating conditions. Simulations were performed under
different irradiance levels (200 W/m? - 1000 W/m?) and temperature values (0°C - 75°C) to analyze the effectiveness of the PSO-
based MPPT method in dynamic environmental conditions. Performance evaluation was made on the power output, convergence
speed and stability criteria of the system. Figure 1 shows the general working principle of the system.

MPPT k3 ——

Fig. 1. General working principle of the system
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3.1. Fundamentals of PSO Algorithm

PSO is an evolutionary optimization algorithm and simulates the solution search process inspired by biological systems in
nature. This algorithm tries to find the best solution by navigating a search space with a large number of solution candidates. It
was developed by James Kennedy and Russell Eberhart in 1995. The basic principle of PSO is that a group of individuals share
information and benefit from each other's movements to effectively navigate the solution space and reach the optimal solution.
This method works by modeling swarm behavior and constantly updating the positions of each individual in the solution space
by considering their own best solution and the group's best solution. In the PSO algorithm, each particle represents a point in the
solution space. These points contain vectors of parameters in the problem that need to be optimized. The positions and velocities
of the particles are updated with certain iterations. The velocity update formula allows each particle to calculate a new velocity
by referencing its own past best position and the best position in the swarm. As particles update their velocities, they move more
efficiently in the solution space. One of the key components of PSO is that particles obtain new velocities using a random
component. This randomness helps the algorithm to scan more widely to a point closer to the global optimum solution. There are
two main components to PSO’s velocity update formula. The first is each particle’s desire to get closer to its personal best
solution . This means that the particle tries to improve its own past best solution. The second is the desire to get closer to the best
solution of other particles. This component allows all particles in the swarm to benefit from each other’s experiences in searching
for the best solution. These two components strengthen PSO’s collective learning ability. In addition, in PSO, each particle can
make a wider search in the solution space at each iteration, benefiting not only from its own personal experience but also from
the experiences of other particles.

One of the biggest advantages of the PSO algorithm is that it can avoid local minima in the solution space. This is a problem
that is often encountered in other optimization algorithms, but PSO has a high success rate in reaching the global optimum. In
each iteration, particles update their velocities and move in different directions in the solution space, thus avoiding local optima
and searching in a wider area. This feature makes PSO an effective algorithm, especially in complex problems with many local
optima. However, PSO also has some limitations. The algorithm is very sensitive to the correct setting of parameters. Incorrect
selection of these parameters can seriously affect the performance of the algorithm. For example, a too high velocity coefficient
can cause particles to scan the solution space too widely, thus slowing down convergence. On the other hand, low speed
coefficients may cause them to get stuck in a narrow area of the solution space and produce less efficient results. The success of
PSO largely depends on the appropriate tuning of these parameters and the rapid convergence of the algorithm.

Another important advantage of PSO is its flexibility in application. PSO can be easily adapted to many different
optimization problems and generally has a simpler structure. Unlike other evolutionary algorithms, PSO parameter adjustments
are generally less complex and allow the algorithm to be implemented quickly. In addition, PSO's parallel processing capability
makes it possible to obtain high-efficiency results on large data sets. Therefore, PSO is successfully used in many applications in
engineering and industry. PV are affected by factors such as environmental variables and solar radiation. Since the PSO
algorithm has a high adaptability to such environmental factors, it is an extremely suitable method for MPPT of PV systems.
PSO continuously optimizes the output power of solar panels to increase the efficiency of PV systems. Especially as
environmental conditions such as radiation and temperature change, the PSO algorithm quickly adapts to these changes and finds
the most efficient power point and maximizes the energy production capacity of the PV system. This is one of the main reasons
for the success of PSO in photovoltaic systems and plays a critical role in achieving high performance in solar energy systems.
The fast convergence feature of PSO enables photovoltaic systems to reach the maximum power point by tracking their power
outputs quickly and accurately. Therefore, the PSO algorithm offers an effective solution for increasing the efficiency of solar
energy systems. One of the most important advantages of PSO in photovoltaic systems is its ability to adapt to changes in
environmental factors. Solar radiation and temperature have a significant effect on the efficiency of PV systems. Taking these
environmental factors into account, PSO continuously optimizes the operating point of the PV system to achieve the best
performance. In this process, the PSO algorithm helps to increase the efficiency of the system by shortening the tracking time
and reducing energy loss. This feature makes PSO a very efficient MPPT method in solar energy systems.

The effectiveness of the PSO algorithm in MPPT applications is highly dependent on the appropriate selection of its
parameters. These parameters, including inertia weight, acceleration coefficients (cognitive and social), swarm size, and
maximum velocity, significantly influence the algorithm's convergence speed, the accuracy of the solution, and its stability.
Therefore, a careful optimization of the PSO parameters is crucial to ensure the optimal performance of the proposed PSO-based
MPPT method. In this study, a trial-and-error approach was employed to determine suitable values for the PSO parameters. This
involved testing various combinations of parameter values within predefined ranges and evaluating the resulting MPPT
performance. The optimization procedure consisted of defining parameter ranges based on literature and preliminary simulations,
generating multiple combinations of parameter values within those ranges, conducting MPPT simulations for each combination
under various operating conditions, assessing the performance using relevant metrics, and selecting the parameter combination
that yielded the best overall performance. The optimization process resulted in the following parameter values for the PSO-based
MPPT method: an inertia weight of 0.7, cognitive and social acceleration coefficients of 2.0, a swarm size of 30, and a maximum
velocity set to 20% of the variable range. These values were found to provide a good balance between convergence speed,
tracking accuracy, and stability of the MPPT system. A sensitivity analysis further revealed that the algorithm's convergence
speed is most sensitive to variations in the inertia weight, while the acceleration coefficients primarily affect the stability of the
MPPT operation, highlighting the importance of careful parameter selection for robust and reliable MPPT performance. While
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the trial-and-error approach provided a practical means of identifying suitable parameter values, future work could explore more
sophisticated optimization techniques, such as genetic algorithms or response surface methodology, to further refine the
parameter optimization process and potentially achieve even better MPPT performance.

3.2. PV System Model

PV are devices that convert sunlight directly into electrical energy, and this conversion occurs through semiconductor
materials. The basic component of PV systems is photovoltaic modules. A photovoltaic module consists of a large number of
solar cells connected in series. Each cell absorbs sunlight and converts photons into electrons, and this electron flow produces an
electric current. Since the main purpose of PV systems is to convert sunlight into electricity in the most efficient way, there are
many factors that affect the performance of such systems. The most important of these factors are the level of radiation,
temperature, and the electrical properties of the panel. Mathematical modeling of PV systems is important to accurately predict
and optimize the performance of the system. The electrical properties of PV modules are usually described by a voltage-current
(V-I) characteristic. This characteristic is necessary to determine the output power and maximum power point of the module. An
ideal modeling of a PV module is usually represented as an electrical circuit, which includes the internal resistance, open circuit
voltage, and short circuit current of a photovoltaic cell. The most commonly used model is a diode model, which simulates the
nonlinear behavior of a PV cell. In this model, the output of the module is represented by a diode and a resistor, along with a
current source determined by the direct effect of sunlight. In this way, the output power of the photovoltaic module can be
calculated depending on the external environmental conditions and the structural characteristics of the module.

The efficiency of PV modules depends directly on solar radiation and environmental factors. Solar radiation is the intensity of
solar energy reaching the earth's surface and is one of the most important parameters affecting the performance of PV systems.
Solar radiation is usually expressed in W/m? and varies depending on the time of day, the period of the year and the weather
conditions. Temperature is another important factor, as PV modules operate with lower efficiency at higher temperatures. As
solar radiation increases, the output power of the module also increases, but as the temperature increases, the efficiency of the PV
cell decreases. Therefore, the effect of environmental parameters such as radiation and temperature should be carefully
considered in the design and modeling of PV systems. Energy production in PV systems is usually optimized by accurately
tracking the MPP. PV modules produce different voltage and current values according to different radiation and temperature
conditions. MPP is the point at which the module provides the highest energy efficiency under these conditions. However, since
PV systems are affected by environmental factors, MPP must be constantly monitored. MPPT algorithms used for this purpose
are of great importance to increase the efficiency of PV systems. Modern algorithms such as PSO are used to find this point
quickly. PSO adapts quickly to changes in environmental factors and enables tracking of the maximum power point despite
variables such as solar radiation and temperature. In this way, PV systems can operate at the highest efficiency under all
conditions.

In modeling PV systems, mathematical and physical parameters must be used together to more accurately estimate the energy
production efficiency of the system. Examining the relationship between solar radiation, temperature, electrical properties of the
panel and environmental factors plays a critical role in understanding the performance of PV systems. In addition, correct
orientation, placement and module configuration are important in the design of PV systems to minimize energy losses. In
particular, advanced algorithms and methods are used for the optimization of PV systems in order to maximize the efficiency of
each module and component. This optimization is based on the ability of the system to adapt to environmental conditions in
order to ensure that it produces maximum power under all conditions. As a result, PV system modeling is a critical tool for
increasing the efficiency of photovoltaic energy production. This modeling provides solutions to optimize the performance of the
system by taking into account the effects of environmental factors such as radiation and temperature. In addition, advanced
algorithms such as PSO continuously monitor the maximum power point of these systems, providing more efficient energy
production. In this direction, the design and management of PV systems can be made more efficient with modern optimization
techniques, thus maximizing the potential of solar energy.

3.3.  PSO Application for MPPT

MPPT is a critical process to increase the efficiency of PV. PV modules produce voltage and current values that are
constantly changing according to different environmental conditions, so it is necessary to always track the MPP, which is the
highest energy production point. While traditional MPPT methods are generally based on fixed algorithms, large changes can be
observed on the performance of PV systems due to the effect of environmental factors. Therefore, adaptive MPPT algorithms are
necessary to significantly increase the efficiency of solar energy systems. PSO stands out as a powerful tool for MPPT
applications in PV systems with its ability to quickly adapt to environmental variations. The PSO algorithm was developed by
taking inspiration from the collective movements of bird flocks in nature and is based on the process of finding the best solution
through interaction between particles. This algorithm ensures that each particle represents a point in the solution space and that
these points interact with each other to find the best solution. PSO application in PV systems defines each particle with different
voltage and current combinations. The particles update their speeds and positions to find the maximum power point, taking into
account the individual personal best solutions and the best solution in the group. This process allows PSO to quickly adapt to
changes in environmental factors by using the advantages of its adaptive structure. Unlike traditional methods, the PSO
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algorithm scans a wide solution space instead of searching only around a specific point, allowing the system to always achieve
the best efficiency. The biggest advantage of PSO in MPPT applications in PV systems is the sensitivity of the algorithm to
environmental factors. Since factors such as solar radiation and temperature are constantly changing, traditional MPPT methods
are usually slow to adapt to these changes and negatively affect system efficiency. PSO can quickly track the maximum power
point by taking into account the effects of environmental conditions in each iteration. In addition, PSO's global search capability
reduces the risk of getting stuck in local minima and allows the system to find the correct maximum power point in every
situation. Especially in low radiation conditions, PSO's performance can be superior to classical methods. This is one of the
advantages of the adaptive nature of PSO because particles can adapt more flexibly to changing conditions.

The use of the PSO algorithm in MPPT applications can not only increase system efficiency but also improve the stability of
energy production. Traditional MPPT methods may be more efficient under certain environmental conditions, but may
experience performance loss in the face of sudden changes in environmental conditions. On the other hand, the structure of the
PSO, which includes a large number of particles, responds instantly to these changes and ensures that the system always operates
at the optimum power point. This adaptation ability allows the PSO to operate with high efficiency and offers a significant
advantage especially in cases where solar radiation levels are variable in the morning and evening hours. In addition, the rapid
convergence feature of the PSO makes it effective in ensuring the continuity of energy production in solar energy systems.
MPPT applications of the PSO generally consist of two main steps: solution search and solution update. In the first step, the PSO
algorithm scans the solution space and initially places each particle in a random position. At this point, each particle offers a
solution proposal representing the output power of the PV module. Then, the PSO algorithm updates the speed and position of
each particle with personal and global best solution information. This process continues until the maximum power point is found.
The adaptive structure of PSO enables PSO-based MPPT algorithms in PV systems to be extremely successful in adapting to
environmental changes. PSO's rapid convergence ability minimizes power losses and increases system efficiency. As a result,
PSO-based MPPT algorithms are an extremely effective solution for increasing efficiency in photovoltaic energy systems. The
adaptive structure of PSO enables it to have the capacity to quickly adapt to environmental changes, and this enables solar energy
systems to operate with high efficiency under all conditions. Compared to traditional MPPT methods, PSO offers a more
dynamic and flexible solution by taking environmental changes into account. The effect of PSO-based MPPT systems on energy
production is especially evident in low irradiance and temperature conditions, which supports more efficient use of PSO in solar
energy systems.

This study focuses on the optimization of PSO algorithm parameters to enhance its effectiveness in MPPT applications for
PV. Based on recommendations in the literature and preliminary simulations, the inertia weight was set within the range of [0.4 -
0.9], the cognitive and social acceleration coefficients within the range of [1.5 - 2.5], the swarm size within the range of [20 -
50], and the maximum velocity was set to +20% of the variable range. A grid search method was used for parameter
optimization, and the MPPT algorithm's performance was evaluated for different parameter combinations using performance
metrics such as settling time, overshoot, and steady-state errors in power output. Sensitivity analysis results showed that the
inertia weight significantly affects the convergence speed, while the acceleration coefficients affect the stability of the power
output. Simulation results demonstrate that the selected PSO parameters provide a good balance between fast tracking and stable
operation; the inertia weight of 0.7 provided a rapid initial response to sudden irradiance and temperature changes, while the
acceleration coefficients of 2.0 ensured accurate MPPT tracking with minimal oscillations. However, it should be noted that
these parameters may need to be readjusted for different PV system configurations or under significantly different environmental
dynamics. Future studies could focus on developing adaptive PSO algorithms that automatically adjust parameters and exploring
more advanced optimization techniques for parameter selection.

34. Parameter Selection

In addition to the selected parameter values, further emphasis was placed on analyzing how each parameter influenced the
dynamic behavior of the MPPT process under varying irradiance and temperature profiles. Particular focus was given to
understanding how inertia weight and acceleration coefficients interacted during both transient and steady-state conditions. An
extended simulation framework was established to observe the system response across multiple environmental scenarios,
including step changes in irradiance and temperature gradients. This approach allowed a comprehensive assessment of parameter
impact on convergence time, output power ripple, and duty cycle oscillations. By evaluating the trade-off between rapid
convergence and long-term tracking stability, the parameter space was fine-tuned to avoid premature convergence, erratic
behavior, or stagnation near local optima. Furthermore, the adaptive tuning of inertia weight and dynamic adjustment of learning
coefficients ensured that the algorithm could retain global search capabilities in the early phases while transitioning smoothly to
localized exploitation in later stages. This hybrid exploration—exploitation balance played a pivotal role in sustaining algorithmic
robustness, particularly in thermally unstable or rapidly shifting solar conditions. Ultimately, the resulting parameter
configuration achieved not only high average efficiency but also demonstrated resilience against sudden environmental
perturbations, thereby reinforcing the suitability of the PSO-based MPPT strategy for practical, real-time photovoltaic
applications. A grid-search and sensitivity study yielded the parameter set in Table 1.
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Table 1. PSO parameter set used in the simulations.

Parameter Value Description
Number of particles 4 Reduced particle set for fast convergence
Inertia weight (w) 0.05-0.1 (adaptive) Adjusted based on particle performance
Cognitive coefficient (c1) 1.3-2.5 (cosine-based) Personal learning factor
Social coefficient (cz) 0.7-2.0 (cosine-based) Global learning factor
Duty cycle range 0.1-1.0 Hardware-safe switching constraint

Velocity update method  Adaptive, fitness-based Depends on global/local best fitness values

3.5.  Algorithm Flow

At each sampling instant a particle position x; represents a candidate duty cycle; the fitness function is the instantaneous
output power

P =V, X Ly, e
P: Instantaneous power output(Watts).
Voy : PV Array voltage(Volts).
Ly : PV array current (Amperes).
Particle velocities and positions are updated by

vt = wovk + .. (pbest;— xF) + cy.15. (gbest — xF)#(2)
x = ot 3)

x¥ : Current position (duty cycle) of particle i at iteration k,
vk : Velocity of particle i at iteration k,
pbest; : Best previous position found by particle i,
gbest : Global best position found by all particles,
W : Inertia weight (adaptively varied between 0.05-0.1),
¢1,C, : Cognitive and social coefficients (dynamically updated with cosine functions),
71,1 - Random numbers in [0,1]
Convergence is declared when

|P (k) —P(k—1)
P(k)

< 0.001 4)

P(k) =V,, (k) X L,,(k) : Instantaneous power at iteration k,
P(k —1) =Vy,(k — 1) X L,,(k — 1) : Instantaneous power at the previous iteration.

This criterion ensures that the duty cycle has stabilized and the particle has reached (or is near) the true MPP. For five
consecutive iterations.The complete algorithmic flow is illustrated in Figure 2.

In the context of the proposed PSO-based MPPT algorithm, the flow of operations is structured to ensure adaptive and
efficient convergence toward the MPP under varying environmental conditions. At each iteration, every particle represents a
candidate duty cycle value, which is evaluated using a fitness function based on the instantaneous output power of the
photovoltaic array. The particles adjust their positions and velocities according to both their individual historical best positions
and the global best position found by the swarm, promoting a balance between exploration and exploitation in the solution space.
The inertia weight and acceleration coefficients are dynamically modulated to improve the responsiveness of the algorithm,
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especially during transient conditions such as sudden changes in irradiance or temperature. Random factors introduced in the
velocity update equations allow the swarm to avoid premature convergence and enhance the algorithm’s capability to escape
local maxima. The convergence condition is met when the variation in power output remains below a predefined threshold for a
consecutive number of iterations, indicating that the particle has reached a stable and optimal operating point. This mechanism
ensures that the algorithm is not only capable of rapidly identifying the global MPP but also of maintaining it with minimal
oscillation in steady-state operation. The overall flow is designed to be computationally light, making the method suitable for
real-time embedded system implementations. Moreover, the algorithm’s structure allows for easy integration into existing PV
system controllers, further highlighting its practicality and potential for field deployment in diverse solar energy applications.

Read PV Parameters (V, I)

v

Initialize Population (duty cycles)

v

Calculate PV Power for Each
Particle (P = V' xI)

v

Update pbest and gbest

Update Velocity and Position

vk+1 =wuyk + c, ry (pbest —x¥) + ¢, 1, (x,%)

X+ 11 = xk + Ykl

Convergence
to MPP?

| Apply Duty Cycle |
*

( Finish )

Fig. 2. Flowchart of the PSO-based MPPT algorithm.

4. Result and Discussion

PV are energy production systems consisting of various components that convert solar energy into electrical energy and work
in harmony with each other. These systems include components that are critical in terms of energy efficiency, power conversion
capacity and long-term durability. The correct selection and harmonious operation of each component ensures that the system
operates efficiently. Based on the MATLAB Simulink model used in the study, PV system components are considered in three
main categories as photovoltaic panels, power converters and connection elements. Since there are no energy storage units in this
model, battery and charge control circuits are excluded from the evaluation. The focus of the model was on MPPT algorithms
and power electronic components. Table 2 shows the Technical Specifications of the Photovoltaic Panel Used in the MATLAB
Simulink Model.

Table 2. Technical Specifications of Photovoltaic Panel Used in MATLAB Simulink Model

Feature Value

Power Capacity (Pmax) 250W

Cell Count 60 cells

Maximum Power Current (I_mp) 8.15A
Maximum Power Voltage (V_mp) 30.7V

Short Circuit Current (I_sc) 8.66A

Open Circuit Voltage (V_oc) 37.3V
Nominal Operating Cell Temperature (NOCT) 50°C

Power Temperature Coefficient -0.48%/K

Voltage Temperature Coefficient -0.138 V/IK
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In this study, photovoltaic panel modeling was applied in MATLAB environment and the effects of radiation changes (in the
range of 200 W/m? - 1000 W/m?) and temperature changes (in the range of 0°C - 75°C) were tested. -V and P-V characteristic
curves of the panel were examined and the performances of different MPPT algorithms were compared. PSO algorithm was used
in this study to monitor the MPPT in photovoltaic systems. In the model developed in MATLAB/Simulink environment, the
voltage (Vpv) and current (Ipv) values of the panel were given as input to the PSO algorithm, and the algorithm calculates the
optimum duty cycle (D) value based on these data and controls the IGBT switch. In this way, the output power of the PV system
is increased to the highest level. In the Simulink model in Figure 3, the PSO algorithm is the central component of the system,
the voltage and current data received from the photovoltaic panel are processed by the algorithm to produce appropriate control
signals and ensure that the system operates efficiently and stably.
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Fig. 3. MATLAB/Simulink model of the PV system to which the PSO algorithm is applied.

First of all, by integrating the PSO algorithm into the MPPT process, it has been observed that the system responds much
faster in transient regimes compared to traditional methods. In tests conducted in scenarios involving sudden changes in radiation
and temperature values, the algorithm was able to reach the new maximum power point of the system in a very short time; this
situation has revealed the potential to optimize the performance of the system, especially in regions where environmental
fluctuations such as cloud transitions or shading are frequently experienced. In steady-state analyses, it has been determined that
the PSO-supported MPPT algorithm significantly reduces power oscillations. This situation has allowed the system to operate
more stably and reliably, and the losses due to fluctuations in energy transmission have been prevented. This stable behavior of
PSO, compared to the instability problems frequently encountered by classical MPPT algorithms, is attributed to the algorithm's
effective use of both individual and ensemble memory. Table 3 Temperature and output power values for PSO algorithm

Table 3. Temperature and output power values for PSO algorithm

Temperature (°C) Output Power (W)
0 233,10
10 233,22
15 230,12
20 229,31
25 228,67
30 227,21
35 226,80
40 225,32
45 224,01
50 223,66
55 223,40

60 223,17
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Table 3 presents the output power values obtained by the PSO algorithm under varying temperature conditions. The results
clearly indicate a gradual decrease in output power as the temperature increases. This trend is a well-known characteristic of
photovoltaic panels, where elevated cell temperatures lead to voltage drops, consequently reducing the overall power output.
Despite these temperature-induced losses, the PSO algorithm demonstrated its ability to consistently track the MPP, maintaining
efficient system operation. These findings confirm the robustness and reliability of the PSO-based MPPT method under thermal
variations, highlighting its practical advantage, particularly in regions subject to frequent temperature fluctuations.

4.1. Dynamic performance

A +10 °C step applied at 25 °C produced a transient settling time of < 20 ms and a steady-state power ripple of 0.7 %. These
values confirm the fast convergence and low oscillation capability of the proposed PSO algorithm.

Table 4. Performance comparison of PSO-based MPPT studies.

Test focus
Variable irradiance
Low irradiance
0-60 °C sweep

Reference
Rakhmatov et al. [31]
Sera & Teodorescu [36]
This work

Key result n MPPT /ripple
97 % efficiency —
<2 % ripple 95 %
t_settle <20 ms, 0.7 % ripple 90.2 %

The performance comparison in Table 4 clearly demonstrates the strengths of the proposed PSO-based MPPT method,
particularly under thermally dynamic conditions. Unlike earlier studies that primarily focused on irradiance variation, this work
emphasizes temperature adaptability, which is often overlooked yet critical for real-world PV deployments. The rapid settling
time and minimal steady-state power ripple observed confirm the algorithm’s ability to swiftly adapt to thermal disturbances
while preserving tracking accuracy. These results are indicative of an optimized control structure capable of maintaining system
stability even in the face of rapid parameter fluctuations. Furthermore, the algorithm’s performance across the entire temperature
sweep suggests a high level of robustness, making it suitable for environments with frequent and unpredictable climate changes.
This reinforces the practical viability of the method for geographically diverse PV installations, where thermal gradients are as

impactful as solar intensity variations. Table 5 shows literature information.

Table 5. Literature studies

Reference

Key Focus

Main Findings / Contributions

Efficiency Improvement

Rakhmatov et al. [31]

Esram and Chapman
[32]

Gaafar et al. [33]

Kumari and Babu [34]
Kumar and
Manoharan [35]
Sera and Teodorescu
[36]
Abdelsalam et al. [37]
Benhmed et al. [38]
Nacer et al. [39]
Liserre et al. [40]
Femia et al. [41]
Boukenoui et al. [42]
Jena et al. [43]
Lian et al. [44]
Rezk and Eltamaly
[45]

PSO - Classical MPPT
Comparison

MPPT Techniques Comparison

PSO - Weather Conditions
Effect
Hybrid PSO-INC

Hybrid PSO-Fuzzy Logic

PSO - Low Irradiance

PSO - Processing Time
PSO - Maxima Separation
PSO - FPGA Implementation
PSO - High Power
PSO - Stability
PSO - Hybrid Systems
Adaptive PSO
PSO Parameters

Hybrid PSO-ANN

Fast, accurate MPPT; reduced
losses.

Low oscillation, high accuracy.

High adaptability.
Stable power, reduced losses.

High accuracy, stability

High performance.

Fast implementation.
High long-term efficiency.
Fast computation.
Low loss, high efficiency.
Balanced power.
High energy production.
Fast response.
Correct tuning is important.
Accurate prediction, high
efficiency.

Accurate, fast tracking.
Stable, precise tracking.

Adaptation to change.
Loss reduction.

Accurate tracking.

Gain in low light.

Real-time efficiency.
Global maximum finding.
Speed in hardware.
Gain in large systems.
System resilience.
Resource optimization.
Adaptation to environmental
Parameter optimization.

Efficiency with prediction.

This study contributes to the ongoing research on MPPT techniques for photovoltaic systems by presenting a novel
implementation of the PSO algorithm. While previous works have demonstrated the general effectiveness of PSO in MPPT
applications, this research further refines the PSO-based MPPT approach by:

Providing a detailed analysis of the algorithm's performance under a wider range of dynamic environmental conditions,

specifically focusing on the simultaneous impact of rapid irradiance and temperature fluctuations.

Introducing a modified
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parameter adaptation strategy that enhances the algorithm's convergence speed and reduces steady-state oscillations, thereby
improving overall energy extraction efficiency. Developing a MATLAB/Simulink model that incorporates a comprehensive
representation of the PV system's electrical characteristics, enabling a more accurate evaluation of the MPPT algorithm's
performance in real-world scenarios. The findings of this study offer valuable insights into optimizing PSO-based MPPT
controllers for enhanced performance and reliability in photovoltaic energy systems

5. Conclusions

In this study, an original approach has been developed based on the PSO algorithm to perform the MPPT function in PV. The
developed PSO-based MPPT method has been extensively tested under different operating conditions in the PV system model
created in the MATLAB/Simulink environment. A PSO-based MPPT controller was implemented and evaluated for a 250 W PV
module under a fixed irradiance of 1000 W m™2 and a 0 °C-60 °C temperature sweep. The algorithm maintained an average
tracking efficiency of 90.2 %, settled to the new MPP in < 20 ms, and limited steady-state power ripple to 0.7 %.

Especially in transient situations where sudden radiation and temperature changes are simulated, it has been observed that the
PSO-based MPPT algorithm responds quickly and reaches the MPN in a shorter time. This supports the high ability of the
algorithm to adapt to dynamic environmental conditions and its potential to maximize system efficiency. In addition, it has been
determined that the PSO method provides a more stable power output by minimizing power oscillations in steady-state operation.
This feature enables PV systems to be used reliably in various areas such as grid integration and independent power applications.

It is concluded that the developed PSO based MPPT method is an effective solution for improving critical performance
parameters such as stability, speed and efficiency in energy production of photovoltaic systems. This study confirms the
applicability and superior performance of the PSO algorithm in real-time MPPT applications of PV systems and makes a
significant contribution to the technological developments in the field of renewable energy.

Although real-time implementation was not within the scope of this simulation-based study, we recognize its importance for
practical deployment. Therefore, a suggested roadmap has been outlined, highlighting the necessary steps and technical
considerations for a future FPGA or DSP-based real-time implementation of the proposed PSO MPPT algorithm. This also opens
pathways for testing in grid-connected or hybrid PV systems with actual environmental variability.
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Abstract

Monkeypox, like many other epidemics diseases, has been spreading rapidly. Its transmission through both respiratory droplets and
physical contact has significantly contributed to its fast dissemination. The emergence of the first major outbreaks in the African region in
2022, followed by the disease spreading at an epidemic level, has raised global concerns. Although this potentially fatal disease can be partially
detected through PCR methods, it often exhibits symptoms similar to other skin diseases, making accurate diagnosis challenging. At this point,
computer-aided detection systems, particularly those based on image processing techniques, become crucial. The primary aim of this study is to
enable the automatic diagnosis of monkeypox using deep learning methods by enhancing classification performance through the selection of
the most significant features among multiple models. In this study, a hybrid deep learning approach is proposed that integrates transfer learning
models such as ResNet50V2, NASNetMobile, and InceptionV3 with the mRMR (Minimum Redundancy Maximum Relevance) feature
selection method. The features extracted from each model were concatenated to form a unified feature vector, from which the 10 most relevant
features were selected using the mRMR algorithm. Finally, classification was performed based on these selected features. Experiments were
conducted on three different datasets—MSLD, MSCI, and MSID—containing various skin lesion diseases. The proposed approach achieved
accuracy rates of 92.00%, 92.50%, and 87.65%, respectively. Among these, the highest accuracy was observed on the MSCI dataset, with a rate
of 92.50%. This hybrid approach demonstrated high performance across diverse datasets and significantly contributed to clinical diagnosis
processes by enabling the accurate identification of not only monkeypox but also other visually similar skin lesions.

Keywords: “Monkeypox, ResNet50V2, NASNetMobile, InceptionV3, mRMR.”

1. Introduction

Skin diseases, which can affect individuals of all ages due to environmental factors, are caused by various viruses [1]. In
dermatological conditions, transmission through physical contact is common, and spread via bodily fluids and particles is almost
inevitable [2]. Infected individuals significantly increase the risk of transmission in crowded environments such as public
transportation, and international travel facilitates the spread of outbreaks across regions [3]. Monkeypox was first identified in
humans in 1970 in the Democratic Republic of the Congo and has since become endemic in the dense forest regions of several
Central and West African countries [4]. The primary reason for its prevalence in forested areas is that the disease was initially
observed in rodent species and monkeys. Since 1970, the number of cases has steadily increased, with a notable surge after 2017,
peaking in 2022 [5]. Mpox, a member of the Orthopoxvirus genus from the Poxviridae family, is a zoonotic virus with a broad
host range, capable of infecting many mammalian species, including humans, and is characterized by a high rate of animal-to-
human transmission [6]. Figure 1 illustrates the replication cycle of the Mpox virus within a host cell following infection, as well
as the mechanism of action of antiviral drugs. The virus can enter the cell in two different ways: either by endocytosis (being
engulfed with fluid and particles) or through direct fusion with the cell membrane. After entry, the virus sheds its outer layers
and releases enzymes into the host cell, targeting the DNA. Unlike many other viruses, Mpox replicates not in the cell nucleus
but in specialized areas called “viral factories” [7]. Currently, diagnosis of the disease relies on identifying symptoms such as an
incubation period of 7-14 days, fever, headache, fatigue, myalgia (characterized by tenderness, stiffness, and pain), swelling of
lymph nodes, and skin lesions in infected patients. However, these symptoms are not sufficient for definitive diagnosis, as
similar clinical signs may appear in various other skin diseases. Therefore, accurate diagnosis requires laboratory techniques such
as virus isolation, electron microscopy, immunohistochemistry, and PCR (Polymerase Chain Reaction) [8]. Nonetheless, the
similarity in clinical manifestations between Monkeypox (Mpox) and other dermatological lesion diseases poses challenges for
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timely and accurate diagnosis using conventional medical approaches. Traditional diagnostic tools and methods often rely on
time-consuming laboratory tests and expert interpretation, which can lead to delays in treatment and increase the risk of disease
transmission through contact. Recent studies have demonstrated that machine learning (ML) and deep learning (DL) algorithms
can effectively analyze images of skin lesions along with clinical data to enable rapid and accurate diagnosis of similar viral and
bacterial skin diseases. This highlights the significant potential of applying ML/DL techniques in Mpox diagnosis and their
capability to enhance clinical decision support systems.

For differential diagnosis, the following diseases should be considered due to their similarity in clinical signs [8]:

Measles,
Scabies,
Syphilis,

Smallpox,

Bacterial skin diseases,
Drug allergies,
Rickettsial pox,

Chickenpox.

Considering that many of the above-mentioned skin diseases share similar characteristics, the use of machine learning (ML)
and deep learning (DL) algorithms significantly accelerates the diagnosis process and plays a crucial role in preventing
diagnostic errors by physicians [1].
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In recent years, research on deep learning-based diagnostic systems has gained remarkable momentum, especially for
identifying monkeypox and other dermatological conditions. One noteworthy contribution in this domain is by Altun et al., who
developed a hybrid model based on transfer learning using the MobileNetV3-s architecture. In this study, features were extracted
using Convolutional Neural Networks (CNNs), yielding impressive results: an F1-score of 97.8%, AUC of 99%, and an overall
accuracy of 96.8%[17]. The MonDiaL-CAD framework, proposed by Omneya Attallah, evaluated eight different CNN

architectures, identifying the combination of Xception, ResNet-101,

and ResNet-50 as the top performer. This hybrid

architecture achieved an accuracy of 97.1% on the MSID dataset and 98.7% on the MSLD dataset [18]. Similarly, Khan et al.
introduced the DNLR-NET model by combining DenseNet201 with Logistic Regression. This approach achieved a classification
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accuracy of 97.60%, outperforming Random Forest and Support Vector Machine (SVM) models tested on the same data[19].
Asif et al. also adopted an ensemble strategy by merging DenseNet201, MobileNet, and DenseNet169 architectures. Their
method achieved an accuracy of 97.78% [20]. Likewise, Sitaula and Shahi evaluated 13 pretrained deep learning models on the
Monkeypox2022 dataset, achieving 87.13% accuracy using a combination of Xception and DenseNet169 validated through five-
fold cross-validation [21]. Another effective hybrid approach was proposed by Luong et al., who integrated MobileNet with
Logistic Regression. Their system demonstrated 97% accuracy, highlighting the strength of combining deep learning with
machine learning techniques for disease classification [22]. Giilmez designed the MonkeypoxHybridNet model by combining
ResNet50, VGG19, and InceptionV3 architectures. The model achieved 84.2% accuracy, outperforming the individual networks.
The addition of a dropout layer helped reduce overfitting and enhanced robustness [23]. Rampogu carried out a comprehensive
study evaluating both deep learning and machine learning models using public datasets like ISIC. CNN models such as
ResNet50, VGG19, EfficientNetB3, DenseNetl21, MobileNetV2, and Xception were examined. Among them, ResNetl8
achieved the highest accuracy at 99.49% [24]. Saleh and Rabie proposed a hybrid framework combining Weighted Naive Bayes,
Weighted KNN, and LSTM models. Their approach incorporated Few-Shot Learning (FSL) and Weakly Supervised Learning
(WSL) layers, enhanced with a Confusion-Based Voting mechanism. On an imbalanced dataset with 500 samples, their model
achieved a classification accuracy of 98.48% [25]. Fatih Uysal presented an innovative hybrid model that combined RepVGG
and MnasNet with an LSTM layer to capture temporal dependencies, achieving an accuracy of 87% [26]. In a separate study,
Tasci used the HAM 10000 and Kaggle datasets to compare various CNN models. In his hybrid model, supported by the ReliefF
feature selection algorithm, AlexNet and ResNet50 achieved 92.41% and 85.17% accuracy, respectively [27].

2. Materials and Methods

In this study, feature selection based on the Minimum Redundancy Maximum Relevance (mRMR) algorithm was hybridly
combined with transfer learning architectures. This approach enables faster and more accurate results in the medical diagnosis
process of monkeypox. The goal was to facilitate the detection of the disease by doctors using this method. Figure 2 presents the
experimental stages of the study. The experimental stages of the study and the methodology followed are detailed below:

Start

]

Data Collection

]

Data Splitting

!

Augmentation

l

CNN Feature Extraction
(ResNet50V2, InceptionV3,
NASNetMobile)

]

‘ Feature Concatenation ‘

‘ mRMR Feature Selection ‘

]

‘Classifciation Layer/Classifier

Vs

vy

(Dense Layer or ML Classifier)

!

Model Evaluation (Accuracy,
Precision, F1-Score)

l

‘ Finish

A

Fig. 2. Research methodology



176

2.1.  Dataset and Preprocessing

In this study, three different datasets—MSID, MSCI, and MSLD—are used, as shown in Table 1. The performance of the
developed model was evaluated using these datasets. The data was split into training, validation, and testing sets in an 80-10-10
ratio. To match the input dimensions of the model, the image data was rescaled to 224x224 pixels. The data augmentation
techniques listed in Table 2 were applied only to the training data. Data augmentation helps prevent overfitting by ensuring the
model does not memorize the training data excessively, thereby improving the general performance of the model. The
hyperparameter values used in the study are presented in Table 3. The ReduceLROnPlateau callback reduces the learning rate by
half when the performance plateaus. The categorical crossentropy loss function used in this study is commonly preferred for
multi-class classification problems. This function calculates the difference between the predicted probability for each class and
the actual class label. To achieve high classification accuracy, the value of this loss function should be as low as possible.

Table 1. Distribution of datasets used in the study

Data Set Class Count

Monkeypox 102

MSLD Others 126

Monkeypox 279

Normal 293

MSID Chickenpox 107
Measles 91

Monkeypox 100

Normal 100

MSCI Acne 100

Chickenpox 100

Table 2. Summary of preprocessing and data augmentation methods

Augmentation Type Configuration Description
Rotation Range 40° (Clockwise & Counterclockwise) Random image rotation up to +40 degrees
Width Shift 0.2 (20%) Horizontal shift up to 20% of image width
Height Shift 0.2 (20%) Vertical shift up to 20% of image height
Zoom Range 0.2 (20%) Random zoom in or out by up to 20%
Shear Range 0.2 (20%) Shear transformation applied within 20% range
Horizontal Flip Enabled (True) Random horizontal flipping
Vertical Flip Not Applied No vertical flipping performed
Brightness Range [0.8,1.2] Adjust brightness between 80% and 120%
Channel Shift Not Applied No shift in color channels
Fill Mode Nearest Fill empty pixels using nearest neighbor method

Table 3. Model training parameters

Parameter Value
Input Size (224, 224, 3)
Batch Size 8
Epochs 32
Learning Rate le-4
Optimizer Adam
Learning Rate Scheduler ReduceLROnPlateau
Loss Function categorical crossentropy

2.2.  Transfer Learning Architectures

In the developed model, the feature extraction capabilities of three different convolutional neural network (CNN)
architectures—ResNet50V2, InceptionV3, and NASNetMobile—were combined to enhance overall performance. These pre-
trained models, initialized with ImageNet weights, were used exclusively for feature extraction by freezing all their layers during
training to prevent weight updates. This approach allows the model to leverage learned representations while reducing the risk of
overfitting given the dataset size. Compared to other deep CNN architectures, ResNet50V2 is more advantageous due to its
easier training and higher accuracy performance. It includes various layers such as Dense, Flatten, and Dropout [9]. Through the
use of residual blocks, the model enables information to pass through a "residual block" to another layer instead of directly
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forwarding it to the next, allowing for the construction of more complex structures, increasing network depth, and supporting a
healthier learning process [10]. The output feature map from ResNet50V2 is pooled using a Global Average Pooling layer,
producing a 2048-dimensional feature vector. InceptionV3 is a deep neural architecture consisting of 42 layers. This architecture
includes convolutional layers, batch normalization, and max pooling layers [11]. Unlike InceptionV2, InceptionV3 introduces
convolutional factorization, which improves computational efficiency by decomposing 3x3 convolutions into 1x3 and 3x1
convolutions, thereby reducing the number of parameters [12]. The output of InceptionV3 is similarly passed through a Global
Average Pooling layer, resulting in a 2048-dimensional vector. NASNetMobile is a neural network model designed through a
Deep Learning-based Neural Architecture Search (NAS) approach. Due to the significant difference in the number of parameters,
NASNetMobile is considered much more reliable compared to NASNetLarge. It consists of cells that can be developed using
reinforcement learning. These cells repeat convolution and pooling operations multiple times based on the network’s capacity
[13]. The architecture of NASNet is formed by combining these cells. In addition, this approach includes a Recurrent Neural
Network (RNN) component called the “Controller,” which acts as the parent Al, and evaluates the performance of a model called
the “Child Network” within the CNN to optimize its architecture for better efficiency [14]. The Controller RNN optimizes the
cells in blocks, making the structures adaptive rather than fixed, based on the dataset. Each block is treated as a functional
module and can perform the following operations [15]:

Convolutions,

Max Pooling,

Average Pooling,

Separable Convolutions,
Identity Mapping and others.

2.3. Minimum Redundancy Maximum Relevance (mRMR) Algorithm

It is a feature selection method that filters the existing features to ensure maximum relevance to the target classes, rather than
using all the features. Feature selection reduces computational costs, enabling the model to run faster, minimizes noise, increases
the accuracy of class predictions in the dataset, and provides more useful features, thus allowing function types to be defined and
traceable [16]. Using the combined feature vector obtained from the final dense layer (with 1024 features), the 10 most
significant features were selected using the mRMR algorithm. For this purpose, a subset of 100 samples from the training data
was extracted to compute feature relevance and redundancy efficiently. Figure 3 illustrates that the input images are processed
through the three different CNN models (NASNetMobile, ResNet50V2, InceptionV3), and their extracted features are
concatenated. The combined features are then subjected to the mRMR algorithm to select the most informative subset, which is
subsequently passed to the classification layer for improved performance and reduced computational complexity.
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Fig. 3. The integration process of the mRMR algorithm in the proposed hybrid model

3. Results and Discussion

In this study, the PyCharm IDE was utilized. Python was chosen as the programming language, and the Keras and
TensorFlow libraries were employed. The input dimensions of the model were set to 224x224, and the batch size and number of
epochs were set to 8 and 32, respectively. The learning rate was defined as 1 x 10 To prevent overfitting and improve
generalization performance, the ReduceLROnPlateau callback function was applied: if no improvement in validation accuracy
was observed for three consecutive epochs, the learning rate was reduced by half. The fully connected (dense) layer before the
output consisted of 1024 neurons, and a 50% dropout rate was applied. In this study, transfer learning architectures ResNet50V2,
InceptionV3, and NASNetMobile were selected and integrated. The final layers of these architectures were used as feature
extractors. The feature vectors obtained from the three models were concatenated to form a single unified feature vector. The
Minimum Redundancy Maximum Relevance (mRMR) algorithm was applied to the combined feature vector extracted from the
dense layer of the model to select the 10 most informative features, aiming to enhance classification performance. Additionally,
data augmentation techniques, as presented in Table 3, were applied to the training data to improve the model’s robustness. The



178

classification results and related performance metrics obtained from the study are detailed in Table 4. Table 4 shows the
classification performance of the proposed hybrid model applied to three different datasets (MSCI, MSLD, MSID), including
accuracy, Fl-score, precision, and sensitivity values. From the table, it can be observed that the accuracy percentages vary

depending on the diversity of the datasets used.

Table 4. Testing results

Model Dataset | Ovtimizer Accurac | F1-Score | Precisio | Sensitivit Total Training FLOPs
P y (%) (%) n y Time (min) (Billions)
Proposed MSCI Adam %92,50 %90,05 %94,25 %92,50 10 min 43 s 13.84
Hybrid MSLD Adam %92,00 %92,00 %92,50 %93,00 21 min 53 s 13.84
Model MSID Adam %87,65 %85,26 %87,76 %85,00 6 min 0 s 13.84
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Fig. 4. Hybrid model performance success status and loss status for the MSCI dataset

Figure 4 presents the accuracy and loss graph of the MSCI dataset, which achieved the highest performance among the
datasets with an accuracy rate of 92.50%. Examining the graphical trend of the loss values, the training loss shows some
fluctuating increases at certain points but eventually decreases to around 0.15. Although the validation loss initially exhibits
fluctuations, it gradually stabilizes and levels off around 0.25 after the 15th epoch. These results indicate that the model has a
strong generalization capability, as reflected by the achieved accuracy and loss values. The training accuracy initially starts at
approximately 57-58% and increases rapidly, surpassing 90% after 10 epochs. Following the 10th epoch, it remains between 90—
95%, indicating high performance. The validation accuracy reaches around 95% in the early epochs and then stabilizes at
approximately 92%, demonstrating the overall strong performance of the model and suggesting that overfitting is not evident.
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Fig. 5. Hybrid model performance success status and loss status for the MSLD dataset
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Figure 5 shows the accuracy and loss graph of the MSLD dataset, which achieved the second-best performance among the
datasets with an accuracy rate of 92.00%. The training loss starts at around 0.80 and decreases rapidly, reaching approximately
0.20. Similar to the MSCI dataset, the validation loss gradually decreases and stabilizes around 0.25 after the 15th epoch. These
results indicate that the model also performs well on this dataset, demonstrating strong generalization capability. The training
accuracy initially ranges between approximately 60—-65% and rapidly increases, surpassing 85% after the 5th epoch. After this
point, the accuracy begins to fluctuate, continuing this pattern until the final epoch while maintaining a high-performance level
between 90-95%. Validation accuracy initially reaches around 87% but then fluctuates, dropping to around 82%. After the 22nd
or 23rd epoch, it stabilizes at 92%, indicating strong overall model performance and suggesting that overfitting is not present.

Figure 6 presents the accuracy and loss graph for the MSID dataset, which achieved the lowest performance among the
datasets with an accuracy rate of 87.65%. Observing the graphical trend of the loss values, the training loss, despite showing
some fluctuations at certain points, decreased to approximately 0.10-0.15. Although the validation loss initially exhibited a
fluctuating pattern, it stabilized around 0.26 after the 5th epoch. These results suggest that, despite a slightly lower accuracy, the
model still demonstrates a strong generalization capability. The training accuracy initially starts below 70% and increases
rapidly, reaching around 87% by the 5th epoch. It then continues to rise with fluctuations until the final epoch, maintaining a
high-performance level between 90-95%. The validation accuracy reaches approximately 92% in the early stages but slightly
drops to around 90%, continuing with minor fluctuations. After the 20th epoch, it stabilizes at around 90%, indicating strong
overall model performance and providing evidence that overfitting is not observed.
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Fig. 6. Hybrid model performance success status and loss status for the MSID dataset

Table S. Confusion matrix of the hybrid model for the overall performance on the MSLD dataset

Predicted Class
Monkeypox Others  Total
Actual Class Monkeypox 11 (TP) 0 (FN) 11
Others 2 (FP) 12(TN) 14

Table 6. Confusion matrix of the hybrid model for the overall performance on the MCSI dataset

Predicted Class
Acne  Chickenpox Monkeypox Normal Total
Acne 9 (TP) 1 (FN) 0 0 10
Actual Class Chickenpox 0 10 (TP) 0 0 10
Monkeypox 0 2 (FP) 8 (TP) 0 (FN) 10
Normal 0 0 0 10 (TP) 10

Table 7. Confusion matrix of the hybrid model for the overall performance on the MSID dataset

Predicted Class
Chickenpox Measles Monkeypox Normal Total
Chickenpox 9 (TP) 0 3 (FN) 0 12
Actual Class Measles 1 (FN) 7 (TP) 1 (FN) 1 (FN) 10
Monkeypox 2 (FN) 0 26 (TP) 1 (FN) 29

Normal 0 0 1 (FN) 29 (TP) 30




180

The confusion matrices of the datasets used in the study are presented above. Table 5 shows the confusion matrix for the
MSLD dataset, which includes two classes: Monkeypox and Others (comprising other skin diseases and healthy images). All
samples in the Monkeypox class were correctly classified, indicating that the developed model performs exceptionally well in
this category. In the Others class, 2 out of 12 samples were misclassified as Monkeypox. This misclassification may stem from
visual similarities between certain skin conditions and Monkeypox. Overall, the model's ability to accurately detect Monkeypox
confirms the effectiveness of the developed hybrid model. In Table 6, the confusion matrix for the MSCI dataset involves four
classes: Acne, Chickenpox, Monkeypox, and Normal. The model accurately classified all samples in the Chickenpox and Normal
classes, demonstrating strong performance in these categories. In the Acne class, one sample was misclassified, and in the
Monkeypox class, two samples were confused with Chickenpox. This confusion may be attributed to visual similarities between
different types of rashes. Overall, the model provides reliable predictions across all classes, particularly for Monkeypox
detection. In Table 7, the confusion matrix for the MSID dataset includes four classes: Chickenpox, Measles, Monkeypox, and
Normal (healthy). Within the Monkeypox class, 26 samples were correctly classified, and only 3 were misclassified into other
classes, indicating robust model performance in this category. In the Normal class, only one sample was incorrectly labeled as
Monkeypox. Some confusion was observed between the Chickenpox and Measles classes, likely due to visual resemblance. In
general, the model achieves high accuracy across all classes and delivers dependable results, especially for identifying
Monkeypox.About Title, Abstract, Author’s Information
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Figure 7 presents a comparative analysis of the model’s performance on the classes within the used datasets using Precision,
Recall, and F1-score metrics.

4. Conclusions

In this study, Monkeypox disease was detected with accuracy rates of 92.50%, 92.00%, and 87.65% on three different
datasets, namely MSCI, MSLD, and MSID, respectively. The datasets used in the study consist of images representing various
skin lesions, including Monkeypox, Chickenpox, Measles, Acne, and healthy skin. Upon analyzing the results obtained from the
developed hybrid model, it was observed that factors such as class imbalance, diversity of classes, and visual similarities between
the skin diseases in the datasets significantly influenced the accuracy rates. This indicates that even with the application of image
processing techniques, diseases with similar visual characteristics—particularly clinically important conditions like
Monkeypox—can still be misclassified. Therefore, it is crucial to enrich the datasets as much as possible and to continuously
improve image processing methods. In this study, a hybrid architecture was developed by combining three different transfer
learning models (NASNetMobile, ResNet50V2 and InceptionV3), and feature selection was applied using the mRMR (Minimum
Redundancy Maximum Relevance) algorithm. mRMR reduced the number of features derived from the combined transfer
learning models, ensuring that only the most meaningful and relevant features were included in the final model. This led to a
simplified learning process and improved model performance. The highest accuracy rate, 92.50%, was achieved on the MSCI
dataset, which includes four balanced classes with 100 images each. The balanced distribution of classes provided an advantage
in terms of class representation and contributed to the higher accuracy achieved. In contrast, the other datasets contained a
varying number of classes and imbalanced distributions, which led to comparatively lower performance. An analysis of the
confusion matrices and performance graphs for the three datasets demonstrated that the model exhibited strong discriminative
performance, particularly in identifying Monkeypox cases. Furthermore, the correct and systematic application of data
augmentation techniques had a positive impact on the overall performance of the model. In conclusion, the developed hybrid
model achieved high accuracy across all three datasets and delivered reliable and effective results, especially in the identification
of Monkeypox disease. In this study, successful results were achieved by combining the strengths of different transfer learning
architectures and selecting the most relevant features using the mRMR algorithm. The use of multiple datasets revealed that
higher performance was obtained particularly in those with balanced class distributions, emphasizing the influence of image
quality and class representation on model performance. The developed model enables accurate and rapid diagnosis, reducing the
reliance on costly and time-consuming laboratory tests such as PCR. This is especially important in low-resource settings—such
as regions in Africa with limited healthcare infrastructure—where early detection and timely intervention are critical.

The observed performance differences across datasets are primarily attributed to variations in content diversity and data
distribution. While the limitations of the datasets led to decreased model performance in some real-world scenarios, the use of
multiple datasets allowed the model to generalize well, even in the presence of imbalanced classes and visually similar disease
categories. These contributions support the development of more efficient and interpretable diagnostic systems. This study
demonstrates practical usability, especially in real-world clinical settings with limited resources. These contributions distinguish
our work from existing studies and highlight its value as a robust and innovative tool for diagnosing Monkeypox and other
visually similar skin diseases.

5. Limitations and Future Work

Although the proposed hybrid model demonstrated high classification performance across three different datasets, there are
several limitations that should be addressed in future studies. The most critical limitation is the issue of class imbalance observed
in some datasets (MSID and MSLD). In particular, classes with a small number of samples or those that are visually very similar
to other skin lesions—such as Chickenpox and Monkeypox—made accurate classification more challenging. To mitigate this
issue, advanced data augmentation techniques such as Generative Adversarial Networks (GANs), Autoencoder-based
approaches, and Neural Style Transfer (NST) can be utilized. Another limitation of the study is the high computational cost of
the hybrid architecture. This may hinder its deployment in low-resource environments with limited hardware capabilities. In
future work, efforts will focus on increasing the computational efficiency of the model by exploring more lightweight
architectures and optimizing the implementation environment. Moreover, integrating the model into real-world applications,
including mobile health platforms, is also planned to enhance its accessibility and usability.
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