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On Soz

Bilgi ¢aginin en 6nemli gereksinimlerinden biri, karmagik problemlere
sistematik ve veriye dayali ¢oztimler tiretebilme yetkinligidir. Karar verme
stiregleri bireylerden topluma ve hatta devletlere kadar her olgekte stratejik
oneme sahiptir. Giinlimiiz diinyasinda kararlarin; dogru olmasimnin yani
sira zamanli, ¢ok boyutlu, dinamik olmasi gibi 6zellikleri ile siirekli degisen
kosullar altinda alinmasi gerekmektedir. Bu dogrultuda nicel karar verme
yaklagimlar1 o6zellikle Cok Kriterli Karar Verme (CKKV) ve Makine
Ogrenmesi yontemleri karar vericilere giiglii bir yol haritasi sunmaktadir.
Bu kitap s6z konusu iki giiglii metodolojinin teorik temelleri ve giincel
uygulamalarin1 bir araya getirerek alana katki sunmayr amaglamaktadir.
Farkli disiplinlerden gelen degerli aragtirmacilarin katkilariyla sekillenen
bur derleme eser, karar verme siirecini anlamak ve iyilestirmek isteyen
aragtirmacilara disiplinler aras1 6zgiin bir perspektif sunmaktadir.

Toplam 8 boliimden olugan bu kitabin igerigi, okuyucuyu kuramdan
uygulamaya dogru uzanan kapsamli bir yolculuga g¢ikarmaktadir. Tlk
boliim, CKKV yontemlerinden WENSLO  kriter agirhiklandirma  ve
CoCoSo siralama yontemlerini bir uygulama ile tanitir. Ikinci bolim,
portfoy caligmalarinda makine 6grenmesi kullanimini anlamaya yonelik
oncii caligmalarin sunuldugu bibliyometrik analizi sunar. Ugiincii boliim,
ENTROPY ve TOPSIS CKVYV yontemlerinin birlikte ele alinmasini AB’ne
aday {ilkeler ile Tirkiye’nin saghk performansini kargilagtirma uygulamasi
ile gosterir. Dordiinci boliim, miigteri memnuniyetine yonelik makine
ogrenmesi ¢aligmalarini bibliyometrik bir yaklagimla analiz eder. Beginci
boliim, CKKV ve makine 6grenmesi entegrasyonunu teorik gergeve ve
uygulama ile agiklar. Altinct boliim finansal zaman serisi tahminlemede
makine 6grenmesi algoritmalarini inceleyen genel bir gergeve ¢izer. Yedinci
boliim FUCOM tabanli WEDBA giincel CKKV yontemlerinin optimal
tedarikgi se¢iminde uygulanmasini gosterir. Sekizinci boliim gesitli makine
ogrenmesi algoritmalari ile ¢aliganlarin igten ayrilma olasiliginin nasil tahmin
edilecegine yonelik bir uygulama sunar.

Bu kitabin ¢ok kriterli karar verme ve makine 6grenmesi yaklagimlariyla
nicel karar verme siireglerini sistematik, veriye dayali yonetme yetkinligi
kazandirmasinin yani sira, okuyuculara yol gosterici olmasini temenni
ediyorum. Kitabin hazirlanmasinda katki sunan tiim yazarlarimiza ve



stirece emek veren herkese tegekkiir eder; bu ¢aliymanin okuyuculara ilham
vermesini ve gelecekteki aragtirmalar i¢in bir baglangi¢ noktasi olugturmasini
dileriz.

Bilimin ¢ok sesli ve disiplinler arasi yapisimin, daha adil, etkili ve
stirdiiriilebilir kararlar alinmasinda yolumuzu aydinlatmaya devam etmesi
dilegiyle...

Editor
Dr. Ogr. Uyesi Sule BAYAZIT BEDIRHANOGLU
Mayis 2025
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Chapter 1

Beyond Equal Weights: A WENSLO-CoCoSo
Assessment of OECD Countries’ SDG
Performance 3

Hasan Emin Giirler!

Mehmet Ozgalict?

Abstract

The Sustainable Development Goals (SDGs) represent a universal agenda
for addressing pressing global challenges, yet assessing national progress
remains complex due to methodological limitations in existing frameworks.
This study evaluates the performance of OECD countries in achieving 15
SDGs using an integrated WENSLO (Weights by Envelope and Slope)
and CoCoSo (Combined Compromise Solution) approach, addressing
critiques of subjective weighting methods like the UN’s equal-weighted
index. WENSLO objectively assigns criterion weights based on statistical
analysis, while CoCoSo ranks countries through a multi-criteria decision-
making process. Results reveal Italy as the top performer, attributed to
balanced advancements in economic, social, and environmental dimensions,
followed by Austria, Spain, and Portugal. Conversely, Iceland, Luxembourg,
and Greece, reflecting disparities in policy integration and socio-economic
constraints. The study highlights synergies and trade-offs between SDGs,
emphasizing the need for targeted resource allocation, technology transfer,
and data standardization. By offering a transparent, adaptable framework,
this research advances methodological rigor in sustainability assessments
and provides actionable insights for policymakers to prioritize SDG
implementation in heterogeneous high-income contexts.

1 Dr. Ogr. Uyesi, Kilis 7 Aralik Universitesi, I.I.B.E, Uluslararas: Ticaret ve Lojistik Boliimii,
hasan.gurler@kilis.edu.tr, ORCID: 0000-0002-5813-1631

2 Prof. Dr., Kilis 7 Aralik Universitesi, I.I.B.E, Uluslararas: Ticaret ve Lojistik Boliimii,
mozcalici@kilis.edu.tr, ORCID: 0000-0003-0384-6872

@88 ) hipsjoi.or/10.58830)0zgunpub788.c3305 1
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1. Introduction

Despite notable advancements in enhancing human well-being, the
world continues to grapple with pressing social issues, including climate
change, urban poverty, and increasing inequality. To motivate global
governments to address these challenges, the United Nations has introduced
17 Sustainable Development Goals (SDGs) as a key component of the
2030 Global Agenda (Berrone et al., 2023). SDGs represent a significant
transformation in the United Nations’ approach, aiming to unify economic
and social progress with the principles of environmental sustainability under
a single, comprehensive framework (Biermann et al., 2017). UN member
states are anticipated to embrace the SDG framework as a guiding blueprint
to shape their development and investment strategies, while monitoring their
advancements toward meeting the goals throughout the 15-year timeframe
(Aly et al., 2022). The 17 SDGs are broken down into 169 interconnected
targets, providing a comprehensive framework to guide global development
strategies through 2030. These goals and targets address the economic,
social, and environmental dimensions of sustainable development in an
unprecedented manner. The SDGs integrate the human development focus
of the Millennium Development Goals (MDGs) with the sustainability
principles of the Rio+ process, while also expanding the scope and depth of
the issues addressed. This signals a critical need for transformative changes
in governance strategies (Breuer et al., 2019). Achieving the SDGs relies
heavily on research, innovation, and sustainable education, which can only
be accomplished through substantial investments from both public and
private sectors (Salvia et al., 2019).

The SDGs strive to represent a globally shared vision of progress, aiming
to create a safe, just, and sustainable environment for all. Grounded in the
principle that every individual and nation has a role to play in achieving
this vision, the focus extends beyond international collaboration to also
address and eliminate discrimination and inequalities within individual
countries (Leal Filho et al., 2019). The SDGs adopt a global perspective,
but their implementation is carried out at the local level, varying based on
each country’s progress toward these goals. Furthermore, a nation’s level of
development and its dedication to sustainability shape its domestic priorities
and actions (Salvia et al., 2019). A global indicator framework of 232
indicators is used to track progress on the SDGs. However, data has so far
been collected for only 134 indicators. Variations in national data quality
and availability across countries make it difficult to reliably assess progress
on the SDGs and call into question the relevance of some indicators (Cernev
& Fenner, 2020). Many nations have struggled to achieve the SDGs due to
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a range of obstacles, including insufficient financial investment from both
governments and the private sector in sustainable development, particularly
in low-income countries. Additional challenges include difficulties in
transferring technology from developed to less developed regions and trade
barriers that disproportionately affect middle- and low-income countries
(Biglari et al., 2022).

It is important to monitor countries’ progress towards the SDGs and
identify areas where improvement is needed. For this purpose, many studies
have used multi-criteria decision-making techniques such as TOPSIS and
AHP. While these methods are reliable, they are often not computationally
demanding and require a lot of subjective input (Dwivedi & Sharma, 2025).
However, researchers have used methods such as Delphi technique, Principal
Component Analysis, fuzzy AHP, Entropy and Data Envelopment Analysis
to rank countries according to their SDG progress (Guo et al., 2024).
Recently, Guo et al. (2024) assessed the progress of OECD countries on the
SDGs using Hierarchical Data Envelopment Analysis. On the other hand,
the SDG report published by the UN gives equal weight to each goal and
each indicator, which is a highly subjective weighting method and does not
correspond to the realities of countries with very different contexts. (Guo
et al., 2024). Therefore, this study aims to make an objective assessment
of the criteria and comprehensively evaluate the performance of OECD
countries towards the Sustainable Development Goals using the integrated
WENSLO (Weights by Envelope and Slope) - CoCoSo (Combined
Compromise Solution) approach. There is no study in the literature that uses
the integrated WENSLO-CoCoSo model to assess the progress of OECD
countries towards the Sustainable Development Goals. In the current study,
15 of the 17 SDGs are used as criteria and OECD countries are ranked
according to their performance in achieving the SDGs.

This study makes important contributions to the literature on performance
assessment of OECD countries in the context of SDGs: By using the
WENSLO-CoCoSo integrated model for the first time, it overcomes the
limitations of the UN’s criticized equal weighting method by adopting a
statistically-based objective approach to criteria weighting, and provides a
multidimensional and integrated analysis of the 15 SDGs in high-income
economies with heterogeneous sustainability profiles, such as OECD
countries. The study reveals synergies and trade-offs between economic,
social and environmental indicators, while highlighting countries’ relative
weaknesses and policy priorities, providing concrete guidance on resource
allocation, technology transfer and financing. It also highlights the lack and
quality of data on SDG indicators, reinforces the need for international
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cooperation and standardization, and provides a new framework for future
research with its methodological transparency and adaptability.

2. Literature

The detailed framework of targets and indicators supporting the
Sustainable Development Goals (SDGs) was introduced in 2015, marking
a pivotal moment for both developing and developed nations to advance
toward sustainable development. With 17 goals and 169 targets, the SDGs
are designed to tackle the diverse and interconnected challenges confronting
humanity (Pradhan et al,, 2017). Additionally, an initial set of 330
indicators was introduced in March 2015. Some of the SDGs expand upon
earlier MDGs, while others incorporate new concepts (Hdk et al., 2016).
The global SDGs offer a framework grounded in evidence for planning and
implementing sustainable development initiatives at national, regional, and
global levels, spanning a 15-year timeline until 2030 (Allen et al., 2018).
The 17 goals aim to offer a structured framework for policymaking in
member states over a 15-year span. These SDGs were officially adopted
during the UN summit in New York in September and came into effect
starting January 2016, with a target completion date of 2030. The 17 SDGs
can be categorized into six thematic areas: “Dignity”, “People”, “Planet”,
“Partnership”, “Justice” and “Prosperity”. Figure 1 presents the thematic
areas and sustainable development goals (Leal Filho et al., 2018).

. % & & s4 S A

DigNiTy PeopLE PLANET PARTNERSHIP JusTIcE ProspEerITY

0 [ y \ |
1\ LI‘ \ \ \ |

\ | 21 AN
N | 7 /N
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.“ . \_‘.‘; .“ . /.‘, ‘1’ |\'-‘\:‘l : : I
1A BN { s \ 3 TR R
2030 ® e @33 BEGO @ ® P00

SDGs

Figure 1. Thematic aveas and SDGs (Leal Filho et al., 2018).

With the publication of the SDGs, this issue has been the focus of
researchers’ attention and many studies have been conducted in this field.
For example, Diaz-Sarachaga et al. (2018) assessed whether the SDG
index provides an adequate framework for measuring the progress of the
2030 goals. Le Blanc (2015) investigated to what extent the structure of
the proposed goals and related targets actually reflects the goal of better
integration across sectors. Moyer & Hedden (2020) built a baseline global
development scenario by presenting an integrated assessment model to assess
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progress towards target values across nine indicators in six thematic areas.
Bali Swain & Yang-Wallentin (2020) investigated which of the pillars of the
SDGs (economic, social and environmental) are most effective in achieving
sustainable development. Donaires et al. (2019) developed an approach to
help determine whether efforts towards the SDGs can be expected to be
effective. Allen et al. (2016) reviewed and evaluated 80 different quantitative
models that have the potential to support national development planning for
the SDGs.

In the literature, there are also researches on SDGs that utilize the use
of MCDM techniques. For example, Aljaghoub et al. (2022) present some
feasible cleaning techniques used to recover the full efficiency of photovoltaic
panels and relate each cleaning technique to the SDGs and their related
targets using TOPSIS technique. Rad et al. (2024) presented a global
framework for maximizing sustainable development indices in agricultural
photovoltaic-based renewable systems by integrating DEMATEL and ANP
methods. Sousa et al. (2021) conducted a systematic literature review on
CCM methods that support decisions focused on achieving the SDGs and
implementing the 2030 Agenda for Sustainable Development in regional,
national or local contexts. Sreenivasan et al. (2023) examined the research
on SDGs using AHP technique with social network analysis. Burhan (2024)
focuses on SDG 9 and evaluates EU countries and Turkey in terms of
industry, innovation and infrastructure using VIKOR-MAIRCA integrated
approach. Stanujkic et al. (2020) aimed to determine the position of EU
countries regarding the SDGs in the period 2015-2018 using the Entropy-
CoCoSo integrated model.

In the present study, WENSLO technique is preferred to determine the
criteria weights and CoCoSo method is preferred to rank the countries. The
WENSLO method is a newly developed technique and has been used by
researchers to solve different types of MCDM problems. For example, Kara
et al. (2025) presented a solution to the problem of sustainable brand logo
selection by using artificial intelligence supported PE-WENSLO-ARLON
hybrid method. Pamucar et al. (2023) used the integrated WENSLO-
ALWAS approach to evaluate green growth performance. Similarly, Kara
et al. (2024) used the neutrosophic WENSLO-ARLON model to evaluate
sustainable brand equity performance. Trung et al. (2024) used Entropy-
CoCoSo integrated approach to solve the problem of material selection
in the design phase. They used the WENSLO technique to evaluate the
accuracy of their proposed evaluation approach.
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The CoCoSo method has been used by researchers to provide solutions
to a variety of MCDM problems. For example, Deveci et al. (2021) used
the CoCoSo technique to prioritize the advantages of autonomous vehicles
in real-time traffic management. Lai et al. (2022) performed blockchain
platform evaluation using the fuzzy CoCoSo method. Das & Chakraborty
(2022) aimed to optimize green dry milling processes with SWARA-
CoCoSo integrated approach. Jafari & Khanachah (2024) evaluated
comprehensive information adoption solutions under uncertainty in supply
chain through CoCoSo method. Yu et al. (2024) performed risk assessment
of liquefied natural gas storage tank leakage using CoCoSo method and
failure mode and effects analysis. Ecer & Pamucar (2020) integrated fuzzy
BWM and fuzzy CoCoSo techniques to solve the sustainable supplier
selection problem. Zhang & Wei (2023) solved the problem of site selection
of electric vehicle charging stations by using global fuzzy CPT-CoCoSo and
D-CRITIC method. Okursoy & Cosansu (2024) aimed to solve the zero
emission electric vehicle selection problem using MEREC-based CoCoSo
method.

3. Methodology

In this study, the integrated WENSLO-CoCoSo approach is used to
assess the performance of OECD countries in achieving the Sustainable
Development Goals. Criteria weights are determined using the WENSLO
technique, while countries are ranked according to the CoCoSo method. In
the following sections, these two methods are detailed.

The model of the study is presented in Figure 2. First, a decision matrix
is constructed. This decision matrix is then subjected to the WENSLO
procedure, thereby objectively determining the criterion weights. In the
tollowing step, the COCOSO methodology is applied, utilizing the criterion
weights previously established through WENSLO. Through COCOSO,
countries’ scores based on their sustainability activities are obtained and
analyzed. Subsequently, a sensitivity analysis is conducted by generating
random weight sets. Finally, other techniques with computational steps
similar to those of COCOSO are employed in order to examine the
correlation among the resulting scores.
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Figure 2. Research model

3.1. WENSLO Method

WENSLO is an objective multi-criteria decision making technique
developed by Pamucar et al. (2023). This method is a crucial component
of any decision-making process aimed at achieving the most objective final
ranking of alternatives. Additionally, a key advantage of the WENSLO
method is that it remains unaffected by criteria bias (whether they are benefit
or cost criteria), as the normalization process for input data is independent
of criteria preferences (Pamucar et al., 2023). The implementation steps of
the method are as follows (Pamucar et al., 2023):

Step 1. Construct the decision matrix.
4/C ¢, C, .. C
A x, X, ... X

':xij:lmxn: A, Xy Xy X, (1)
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where:

x; is the value of the 7 -th alternative according to the j -th criterion.
A, 4,,...,A, refers to an alternative vector space representing a set of

alternatives.

C,,C,,...,Cn refers to a criteria vector space representing a set of criteria.

n is the number of criteria.

Step 2. Normalize the decision matrix.

Zl.j:xn—i/,Vje[l,L...,n] (2)
i=1xij

The normalized decision matrix is:

f4/C ¢, C, .. C,
A Zy Zyp e 7y,
Z(A’C):[Zii]mxn: A, zy Zy e Iy, (3)
| A4, Zy Zuy o Zy |

where, Z; refers to each element in the normalized decision matrix,
where 0<zij<1.
Step 3. Determine the final ranking of alternatives based on the identified

criteria.

o BT ERY 4
T 1+3322xlog(m)’ j€[L.2....,n] (4)

Step 4. Calculate the criterion slope.

Z’:Zij
===V 5
tan ¢, (m_l)XAZj,VJE[L2, 1] (5)

Step 5. Determine the criteria envelope.

E, :ZZII\/(Zi*l’j_ZU’)ZJFAZ’z" vje[l,2,...,1] (6)

Step 6. Calculate the envelope-slope ratio.
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E.
=——,Vje[l,2,...n] (7)

7= tan @,

Step 7. Determine the final criteria weights.

W=, Ve[L2,. ] (®)

3.2. CoCoSo (COmbined COmpromise SOlution) Method

The CoCoSo method was proposed by Yazdani et al. (2019). This
approach combines the Simple Additive Weighting (SAW) method with
the exponentially Weighted Product Model (WPM). It ranks alternatives
by integrating compromise strategies derived from both the WSM and the
WPM. The final ranking of alternatives is determined through a compromise
criterion function (Deveci et al., 2021). The application steps of the method
are as follows (Yazdani et al., 2019):

Step 1. Create the initial decision matrix.

X X Xin
X X. e X
21 7 .
S ;i=12,....m;j=12,...,n 9)
xml xm2 'xmn
Step 2. Standardize the decision matrix.
x; — minix; o
= =~ ——— for benefit criterion, (10)
max1xl.j - mll’llxi/.
maxx, — X,
DO .
= , for cost criterion. (11)

Maxx, — minx;

1 1

Step 3. Calculate the total weighted comparison (.S;) and exponential
weighted comparison (P, ) of the alternatives respectively.

5= (12)
Jj=1
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P=3s)" 03

Step 4. Calculate the relative weights of alternatives using aggregation
strategies.

k,=—"—+—"—, 15
" minS, minP (19)

1

(/1 maxs, +(1—ﬂ,)maxPi)

1

Equation (14) calculates the arithmetic mean of the combined scores
from the WSM and WPM methods. Equation (15) sums the relative scores
of WSM and WPM in comparison to the best-performing score. Equation
(16) provides a balanced compromise between the WSM and WPM scores,
where A (typically set to 0.5) is a parameter determined by decision makers.

Step 5. The final ranking of alternatives is determined by their k, values.
The alternative with the highest £, is the most important.

ua 1

1
k, =k k, k. )3 +%(km +k, +k,) (17)

4. Analysis and Results

In this study, OECD countries are analyzed in terms of their performance
in achieving the Sustainable Development Goals. The data of the countries
belong to 2023 and the countries were evaluated according to 15 Sustainable
Development Goals. The data were obtained from the World Bank’s
Statistical Performance Indicators (World Bank, 2024). PDO 14 is excluded
since it is not included in the World Bank dataset and PDO 12 is excluded
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since it is 1 for all countries. Table 1 shows the set of criteria used in the
study (Fleming et al., 2017; World Bank, 2024).

Table 1. Criterin set

Code

Criteria

Explanation

Cl

Goal 1: No poverty

End poverty in all its forms everywhere

C2

Goal 2: Zero hunger

End hunger, achieve food security and improved
nutrition and promote sustainable agriculture

C3

Goal 3: Good Health and
Well-being

Ensure healthy lives and promote well-being for
all at all ages

Goal 4: Quality Education

Ensure inclusive and equitable quality education
and promote lifelong learning opportunities for all

C5

Goal 5: Gender Equality

Achieve gender equality and empower all women

and girls

Co

Goal 6: Clean Water and
Sanitation

Ensure availability and sustainable management of
water and sanitation for all

C7

Goal 7: Affordable and
Clean Energy

Ensure access to affordable, reliable, sustainable
and modern energy for all

C8

Goal 8: Decent Work and
Economic Growth

Promote sustained, inclusive and sustainable
economic growth, full and productive
employment and decent work for all

Goal 9: Industry,

Build resilient infrastructure, promote inclusive

C9 |Innovation and and sustainable industrialization and foster
Infrastructure innovation
clo Goal 10: Reduced Reduce inequality within and among countries
Inequalities
Goal 11: Sustainable Make cities and human settlements inclusive, safe,
Cl1 .. .. o .
Cities and Communities | resilient and sustainable
. . Take urgent action to combat climate change and
Cl12 |Goal 13: Climate Action | .~ '8 g
its impacts
Protect, restore and promote sustainable use of
. terrestrial ecosystems, sustainably manage forests
Cl13 | Goal 15: Life on Land ystems, Y & >
combat desertification, halt and reverse land
degradation, and halt biodiversity loss
Promote peaceful and inclusive societies for
Goal 16: Peace, Justice sustainable development, provide access to
Cl4 o . . .
and Strong Institutions justice for all and build effective, accountable and
inclusive institutions at all levels
. Strengthen the means of implementation and
Goal 17: Partnerships for g b .
Cl15 revitalize the global partnership for sustainable

Goals

development
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All criteria used in the study are utility-oriented. The scores of OECD
countries for 2023 for each of the SDGs, in other words, the initial decision
matrix is presented in Table 2.

Table 2. Initial decision matrix

Cl|C2|[C3|C4|C5| C6 [C7|C8|C9|Cl0|Cl11|Cl2| C13 | C14 | C15
Turkey 1.0 | 0.6 |10.92{0.75|0.83|0.714|1.00{1.00| 1.0 | 1.00 |1.00| 1.0 | 0.833 | 0.857 | 1.000

USA 0.8 | 0.8 {0.88]0.75[0.83]|0.857|0.83|1.00| 0.9 | 1.00 |{1.00| 1.0 | 0.833 | 0.857 | 0.800
Canada 0.8 0.9 [0.88|0.75[0.83]|0.857{0.83|1.00| 0.9 | 1.00 |0.75| 0.5 | 0.833 | 0.857 | 0.867
France 1.0 | 0.7 |0.84]0.75]|1.00|0.857(0.831.00| 1.0 | 1.00 |1.00| 1.0 | 0.750 | 1.000 | 0.867

Netherlands | 1.0 | 0.8 | 0.8 |0.75[1.00|0.857{0.83|1.00( 1.0 | 1.00 [1.00| 1.0 | 0.667 | 1.000 | 0.867
Belgium 0.810.7(0.8|1.00(1.00({0.857{0.83|1.00( 1.0 | 1.00 {0.75| 0.5 | 0.750 | 1.000 | 0.867
Luxemburg | 0.8 | 0.8 | 0.8 |0.75/0.83|0.857(0.83]|0.88( 0.9 | 0.75 [0.75| 0.5 | 0.667 | 1.000 | 0.867
Germany 0.8 0.7 (0.84]0.75/1.00(0.857{0.83|1.00( 1.0 | 1.00 [0.75| 0.5 | 0.833 | 1.000 | 0.867

Ttaly 1.0 | 0.8 {0.84]|0.75[1.00{1.000|0.83[1.00| 1.0 | 1.00 {1.00| 1.0 | 0.833 | 1.000 | 0.867
Portugal 1.0 | 0.7 |0.84]|0.75[1.00{0.857]|0.83[1.00| 1.0 | 1.00 [1.00| 1.0 | 0.833 | 1.000 | 0.867
I.Jmted 10| 0.8 {0.84{1.00(0.83(0.857(0.83|1.00| 0.9 | 1.00 | 1.00| 1.0 | 0.750 | 0.714 | 0.867
Kingdom

Denmark 1.0 0.7 {0.84/1.00{1.00|0.857|0.83|1.00| 1.0 | 0.75 |1.00| 1.0 | 0.667 | 1.000 | 0.867
Ireland 0.8 0.8 (0.84|0.75/1.00{0.857{0.83|1.00( 0.9 | 0.75 [0.75]| 0.5 | 0.750 | 1.000 | 0.867
Greece 0.8 0.8 (0.84|0.75/1.00(1.000(0.83|1.00( 0.9 | 0.875|0.50| 0.5 | 0.833| 0.857 | 0.867
Switzerland | 1.0 | 0.8 | 0.8 {0.75]|1.00(0.857|0.83|1.00| 0.9 [ 0.875|1.00| 1.0 | 0.750 | 0.857 | 0.800
Sweden 1.0 ] 0.8 [0.76]0.75/1.00{ 0.857{0.83]|1.00| 1.0 | 0.875|1.00| 1.0 | 0.750 | 1.000 | 0.867
Austria 1.0 | 0.8 {0.84]0.75/1.00|1.000|0.83|1.00( 1.0 | 1.00 | 1.00| 1.0 | 0.750 | 1.000 | 0.867
Tceland 041 0.7]0.84(0.75/1.00(0.714| 0.83| 1.00| 0.9 | 0.75 |0.75| 0.5 | 0.833 | 0.857 | 0.867
Norway 0.8 ] 0.9]0.84{1.00{1.00(1.000|0.83|1.00| 0.9 [0.875|0.75| 0.5 | 0.750 | 0.857 | 0.867
Spain 1.0] 0.8 [0.88]0.75/1.00|0.857|0.83|1.00| 1.0 | 1.00 | 1.00]| 1.0 | 0.833 | 1.000 | 0.867
Japan 0.6 | 0.8]0.88[{0.75{0.83|0.714| 0.83| 1.00| 0.9 [ 0.875|1.00| 1.0 | 0.750 | 0.857 | 0.867
Finland 1.0] 0.7 [0.84]|0.75/1.00| 0.857|0.83| 1.00| 1.0 | 0.875|1.00| 1.0 | 0.833| 1.000 | 0.867
Australia 0.6 | 0.7]0.88(0.75|1.00( 0.714| 0.83| 1.00| 0.8 [ 0.875|1.00| 1.0 | 0.833| 0.857| 0.867
New Zealand | 0.6 | 0.8 [0.88]0.75/0.83| 0.857(0.83| 1.00| 0.9 | 0.750| 1.00| 1.0 | 0.750| 0.857 | 0.867

According to the values in Table 2, Turkey has strengths and weaknesses
in the United Nations Sustainable Development Goals criteria. In particular,
it draws a positive picture by reaching the highest score in criteria such
as “Zero Poverty (Cl)”, “Affordable and Clean Energy (C7)”, “Decent
Work and Economic Growth (C8)”. However, its relatively low scores
in criteria such as “Zero Hunger (C2)” and “Clean Water and Sanitation
(C6)” indicate that more effort is needed in these areas. Turkey lags behind
developed countries in areas such as gender equality and climate action,
which highlights the need for policy development in these areas. Developed
countries generally perform close to sustainability targets. In particular,
European countries (France, Germany, the Netherlands), Scandinavian
countries (Sweden, Norway, Finland) and the USA scored high in most
criteria. However, these countries also show declines in environmental
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sustainability criteria such as “Climate Action (C12)” and “Life on Land
(C13)”.
4.1. Weight determination with WENSLO

The first step in determining criterion weights using WENSLO is to
normalize the decision matrix. By means of Equation (2), the decision
matrix was normalized, and the results are presented in Table 3.

Table 3. Novmalized decision matrix

Cl C2 | C3 C4 | C5 C6 | C7 | C8 | C9 |Cl0 | Cll | Cl2 | Cl13 | C14 | C15
Australia | 0.029 | 0.038 | 0.043 | 0.039 | 0.044 | 0.035 | 0.041 | 0.042 | 0.035 | 0.040 | 0.046 | 0.050 | 0.045 | 0.038 | 0.042
Austria 0.049 | 0.043 | 0.042 | 0.039 | 0.044 | 0.049 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.040 | 0.045 | 0.042
Belgium | 0.039 | 0.038 | 0.040 | 0.053 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.034 | 0.025 | 0.040 | 0.045 | 0.042
Canada 0.039 | 0.049 | 0.043 | 0.039 | 0.036 | 0.042 | 0.041 | 0.042 | 0.040 | 0.046 | 0.034 | 0.025 | 0.045 | 0.038 | 0.042
Denmark | 0.049 | 0.038 | 0.042 | 0.053 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.034 | 0.046 | 0.050 | 0.036 | 0.045 | 0.042
Finland 0.049 | 0.038 | 0.042 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.040 | 0.046 | 0.050 | 0.045 | 0.045 | 0.042
France 0.049 | 0.038 | 0.042 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.040 | 0.045 | 0.042
Germany | 0.039 | 0.038 | 0.042 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.034 | 0.025 | 0.045 | 0.045 | 0.042
Greece 0.039 | 0.043 | 0.042 | 0.039 | 0.044 | 0.049 | 0.041 | 0.042 | 0.040 | 0.040 | 0.023 | 0.025 | 0.045 | 0.038 | 0.042
Iceland 0.019 | 0.038 | 0.042 | 0.039 | 0.044 | 0.035 | 0.041 | 0.042 | 0.040 | 0.034 | 0.034 | 0.025 | 0.045 | 0.038 | 0.042
Ireland 0.039 | 0.043 | 0.042 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.040 | 0.034 | 0.034 | 0.025 | 0.040 | 0.045 | 0.042
Ttaly 0.049 | 0.043 | 0.042 | 0.039 | 0.044 | 0.049 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.045 | 0.045 | 0.042
Japan 0.029 | 0.043 | 0.043 | 0.039 | 0.036 | 0.035 | 0.041 | 0.042 | 0.040 | 0.040 | 0.046 | 0.050 | 0.040 | 0.038 | 0.042
Luxembourg | 0.039 | 0.043 | 0.040 | 0.039 | 0.036 | 0.042 | 0.041 | 0.037 | 0.040 | 0.034 | 0.034 | 0.025 | 0.036 | 0.045 | 0.042
Netherlands | 0.049 | 0.043 | 0.040 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.036 | 0.045 | 0.042
New Zealand | 0.029 | 0.043 | 0.043 | 0.039 | 0.036 | 0.042 | 0.041 | 0.042 | 0.040 | 0.034 | 0.046 | 0.050 | 0.040 | 0.038 | 0.042
Norway [ 0.039 | 0.049 | 0.042 | 0.053 | 0.044 | 0.049 | 0.041 | 0.042 | 0.040 | 0.040 | 0.034 | 0.025 | 0.040 | 0.038 | 0.042
Portugal | 0.049 | 0.038 | 0.042 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.045 | 0.045 | 0.042
Spain 0.049 | 0.043 | 0.043 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.045 | 0.045 | 0.042
Sweden 0.049 | 0.043 | 0.038 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.044 | 0.040 | 0.046 | 0.050 | 0.040 | 0.045 | 0.042
Switzerland | 0.049 | 0.043 | 0.040 | 0.039 | 0.044 | 0.042 | 0.041 | 0.042 | 0.040 | 0.040 | 0.046 | 0.050 | 0.040 | 0.038 | 0.038
Turkey 0.049 | 0.033 | 0.045 | 0.039 | 0.036 | 0.035 | 0.050 | 0.042 | 0.044 | 0.046 | 0.046 | 0.050 | 0.045 | 0.038 | 0.048

United
Kingdom
United States | 0.039 | 0.043 | 0.043 | 0.039 | 0.036 | 0.042 | 0.041 | 0.042 | 0.040 | 0.046 | 0.046 | 0.050 | 0.045 | 0.038 | 0.038

0.049 | 0.043 | 0.042 | 0.053 | 0.036 [ 0.042 | 0.041 | 0.042 | 0.040 | 0.046 | 0.046 | 0.050 | 0.040 | 0.032 | 0.042

The subsequent steps consist of, respectively, calculating the interval
values (Equation (4)), calculating the slope value (Equation (5)), calculating
the envelope value (Equation (6)), calculating the envelope/slope ratio
(Equation (7)), and finally determining the final criterion weights. The
results of these calculations are presented in Table 4.
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Toble 4. Criteria slope values

AZJ- ¢ :;)pe Enere}ope Ratio | Weights
?; j 4q; Wi

C1 |No Poverty 0.0053 8.127 0.249 0.031 0.236
C2 | Zero Hunger 0.0030 14.518 0.133 0.009 0.071
C3 | Good Health and Well-being 0.0015 29.944 0.062 0.002 0.016
C4 | Gender Equality 0.0024 17.990 0.143 0.008 0.062
C5 | Quality Education 0.0013 32.361 0.074 0.002 0.018
C6 | Clean Water and Sanitation 0.0026 17.023 0.137 0.008 0.062
C7 | Affordable and Clean Energy 0.0015 28.574 0.049 0.002 0.013
cs Decent Work and Economic

Growth 0.0010| 45.211 0.031 0.001 0.005
o Industry, Innovation and

Infrastructure 0.0016| 26.866 0.078 0.003 0.023
C10 | Reduced Inequality 0.0021 20.712 0.130 0.006 0.049
cl1 Sustainab?e. Cities and

Communities 0.0042 10.297 0.177 0.017 0.133
C12 | Climate Action 0.0046 9.468 0.272 0.029 0.222
C13 | Life on Land 0.0016| 26.614 0.096 0.004 0.028
Cl4 Peac.e a1.1d Justice Strong

Institutions 0.0024 18.443 0.108 0.006 0.045
Cls Partnerships to achieve the

Goal 0.0018 24.626 0.057 0.002 0.018

The criterion weights are presented as a bar chart in Figure 3. An
examination of the data in the figure reveals that the goal “No Poverty” has
the highest weight (0.236), followed closely by “Climate Action” (0.222).
Subsequently, “Sustainable Cities and Communities” holds a considerable
share (0.133), while “Zero Hunger” (0.071) and “Clean Water and
Sanitation” (0.062) both exhibit moderate levels of importance. In contrast,
“Decent Work and Economic Growth” carries the lowest weight (0.005),
suggesting that, within this particular analysis, it is considered less critical
compared to the other listed criteria.

From these findings, several insights can be drawn. First, the relatively high
weights for “No Poverty” and “Climate Action” underscore the paramount
importance of socio-economic development and environmental protection.
This suggests that poverty reduction and sustainable climate strategies
should be prioritized in policy-making and research agendas. Second,
“Sustainable Cities and Communities,” with a notable weight, indicates the
growing emphasis on urban resilience, infrastructure, and livability—factors
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vital for long-term sustainability. Meanwhile, the moderate weights of “Zero
Hunger” and “Clean Water and Sanitation” affirm the continued urgency of
ensuring basic necessities for all populations.

By contrast, the lower weights allocated to goals such as “Decent Work
and Economic Growth” do not imply that these objectives are unimportant;
rather, they highlight the need for an integrated approach where social,
environmental, and economic dimensions are balanced according to
contextual priorities. Overall, the results imply that strategies targeting
poverty alleviation and climate resilience are central to this framework,
serving as a basis for broader interventions that address interconnected
sustainable development.

WENSLO Criteria Weights

0.25

Criteria Weights

N Q9 %) 3 H
S &S P 6

Sustainable Development Goals

)

Q& P 0 N D v o A
S S S F S S

Figure 3. Criterion weights

4.2, Alternative evaluation with CoCoSo

The first step in determining the alternative scores using COCOSO is to
normalize the decision matrix. This procedure is performed using Equation
(10 and 11), and the results are presented in Table 5.
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Table 5. Normalized decision matrix

Cl [C2 | C3 | C4[C5|C6 |C7 |C8|CO9 |CI0|CIl|CI2|Cl13 | Cl4 | Cl5
Australia | 0.333]0.333 | 0.75 [ 0.0 1.0 | 00 [ 00 10 | 00 | 05 1.0 1.0 10 [ 05 |0335
Austria 1.000 | 0.667 | 0.50 | 0.0 1.0 1.0 [ 00 1.0 1.0 1.0 1.0 10 [ 05 1.0 (0335
Belgium | 0.667 [ 0.333 [ 0.25 | 1.0 1.0 | 05 0.0 1.0 1.0 1.0 | 05 0.0 | 05 1.0 |0.335
Canada 0.667 | 1.000 | 0.75 | 0.0 | 0.0 | 05 0.0 10 | 05 10 | 05 | 0.0 10 | 05 [0335
Denmark | 1.000 | 0.333 | 0.50 [ 1.0 10 | 05 0.0 1.0 10 | 00 1.0 1.0 [ 00 1.0 [0.335
Finland 1.000 | 0.333 | 0.50 | 0.0 1.0 | 05 0.0 1.0 1.0 | 05 1.0 1.0 1.0 1.0 |0.335
France 1.000 | 0.333 | 0.50 | 0.0 10 | 05 0.0 1.0 1.0 1.0 1.0 10 | 05 1.0 [0.335
Germany | 0.667 | 0.333 | 0.50 | 0.0 10 | 05 0.0 1.0 1.0 1.0 | 05 0.0 1.0 1.0 |0.335
Greece 0.667 | 0.667 | 0.50 | 0.0 1.0 1.0 | 00 1.0 | 05 0.5 0.0 [ 00 10 | 05 [0335
Iceland 0.000 | 0.333 | 0.50 | 0.0 1.0 | 0.0 | 00 10 | 05 | 0.0 | 05 0.0 10 | 05 [0.335
Ireland 0.667 | 0.667 | 0.50 | 0.0 1.0 | 05 0.0 1.0 | 05 00 | 05 | 0.0 [ 05 1.0 |0.335

Ttaly 1.000 | 0.667 | 0.50 [ 0.0 1.0 10 | 00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 |0.335
Japan 0.333 [0.667 | 0.75 | 00 [ 00 | 00 | 0.0 10 | 05 0.5 1.0 10 | 05 05 ]0.335

Luxembourg | 0.667 [ 0.667 | 0.25 [ 0.0 | 00 | 05 00 | 00 | 05 00 | 05 00 | 0.0 1.0 |0.335

Netherlands | 1.000 | 0.667 | 0.25 | 0.0 10 | 05 0.0 1.0 1.0 1.0 1.0 10 | 00 1.0 0335

New Zealand | 0.333 [ 0.667 | 0.75 | 0.0 | 00 | 05 | 0.0 10 | 05 0.0 1.0 1.0 | 05 0.5 10335
Norway | 0.667 | 1.000 | 0.50 | 1.0 1.0 1.0 | 00 1.0 | 05 0.5 0.5 0.0 | 05 0.5 ]0.335
Portugal | 1.000 [0.333 [ 0.50 | 0.0 10 | 05 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0335
Spain 1.000 | 0.667 | 0.75 | 0.0 10 | 05 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 [0.335
Sweden 1.000 | 0.667 | 0.00 | 0.0 10 | 05 0.0 1.0 10 | 05 1.0 1.0 | 05 1.0 [0.335

Switzerland | 1.000 | 0.667 | 0.25 | 0.0 10 | 05 0.0 10 | 05 0.5 1.0 10 | 05 0.5 |0.000
Turkey 1.000 |0.000 | 1.00 | 0.0 | 0.0 | 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 | 05 |1.000
United
Kingdom

United States | 0.667 |0.667 | 0.75 | 0.0 | 00 [ 05 0.0 1.0 | 05 1.0 1.0 1.0 1.0 [ 05 |0.000

1.000 |0.667 | 0.50 | 1.0 0.0 0.5 0.0 10 0.5 1.0 1.0 1.0 0.5 0.0 0335

After the decision matrix has been rendered dimensionless, the S values
(Equation (12)), P values (Equation (13)), and the score appraisal strategies
values (Equation (14, 15 and 16)) should be determined in sequence.
Following these calculations, alternative scores are computed using Equation
(17). The results of all the computational steps are presented in Table 6. In
addition, the final column of Table 6 provides the rank values obtained after
the scores are determined.
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Table 6. S Values

S Values | P Values Xi Dsi Omega | Scores | Ranks
Australia 0.573 | 10.609 | 0.038 4417 0.809 2.271 18
Austria 0.868 | 12.922 | 0.047 6.282 0.998 3.109 2
Belgium 0.503 | 12.643 | 0.045 4.312 0.951 2.339 15
Canada 0.459 | 10.708 | 0.038 3.828 0.808 2.049 20
Denmark 0.812 | 11.853 | 0.043 5.848 0.916 2.884 9
Finland 0.803 | 12.820 | 0.047 5.923 0.985 2.967 6
France 0.813 | 12.834 | 0.047 5.980 0.987 2.990 5
Germany 0.460 | 11.673 | 0.042 3.955 0.878 2.150 19
Greece 0.390 | 10.770 | 0.038 3.466 0.807 1.912 22
Iceland 0.189 8.760 0.031 2.139 0.647 1.288 24
Ireland 0.410 | 10.685 | 0.038 3.560 0.803 1.944 21
Ttaly 0.882 | 12.941 | 0.047 6.358 1.000 3.139 1
Japan 0.576 | 10.620 | 0.038 4.437 0.810 2.279 17
Luxembourg 0.369 7.693 0.028 2.956 0.583 1.551 23
Netherlands 0.819 | 11.888 | 0.044 5.887 0.919 2.901 8
New Zealand 0.583 | 10.611 | 0.038 4472 0.810 2.291 16
Norway 0.527 | 12.692 | 0.045 4.446 0.956 2.394 14
Portugal 0.827 | 12.853 | 0.047 6.057 0.990 3.020
Spain 0.855 | 12.905 | 0.047 6.209 0.995 3.081 3
Sweden 0.805 | 11.858 | 0.043 5.807 0.916 2.869 10
Switzerland 0.769 | 11.809 | 0.043 5.610 0.910 2.792 11
Turkey 0.765 | 10.969 | 0.040 5.484 0.849 2.697 12
United Kingdom | 0.824 | 11.864 | 0.044 5913 0.918 2.910 7
United States 0.718 | 10.787 | 0.039 5.212 0.832 2.583 13

As a result of the computational steps, the scores obtained were
visualized on a map (Figure 4). Scores range approximately from 1.288 to
3.139, suggesting a significant disparity in sustainability performance across
countries. European countries generally dominate the top of the ranking,
although their specific scores vary.

* Top Performers: Italy leads with the highest score (3.139), placing it
at rank 1. Austria (3.109) and Spain (3.081) follow closely, at ranks 2
and 3, respectively. These results suggest that Italy, Austria, and Spain
exhibit notably strong sustainability outcomes in comparison to other
countries listed.

* Strong European Representation: Many of the top-ranked countries
(Italy, Austria, Spain, Portugal, France, Finland, and the United
Kingdom) are in Europe, indicating a regional trend toward higher
sustainability scores. Portugal (3.02, rank 4) and France (2.99, rank
5) reinforce the observation that Western and Southern European
nations frequently appear among the leaders.
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* Mid-Range Scores: Countries such as Denmark (2.884, rank
9), Sweden (2.869, rank 10), and Switzerland (2.792, rank 11)
occupy mid-to-high positions, still performing well in sustainability.
Meanwhile, larger nations like the United States (2.583, rank 13) and
Tarkey (2.697, rank 12) fall in the mid-range, indicating room for
improvement relative to the top performers.

¢ Lower Scores: At the lower end of the rankings are Iceland (1.288,
rank 24) and Luxembourg (1.551, rank 23), reflecting comparatively
weaker performance in the metrics used to calculate sustainability
scores. Greece (1.912, rank 22) and Ireland (1.944, rank 21) also
appear in the lower tier, signaling potential challenges in meeting
sustainability targets.

Figure 4. WENSLO-CoCoSo scores of the OECD Countries.

4.3. Sensitivity Analysis

In this study, countries’ sustainability performances were compared
using the weight set determined objectively by the WENSLO method.
However, when difterent weight sets are employed, the ranking may or may
not change. To gauge countries’ sensitivity to these weights, the analysis was
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repeated using ten distinct weight sets. Consequently, observing that certain
countries maintain high performance across multiple weight configurations
suggests they are performing better overall.

For this study, 10 random numbers were drawn from a uniform
distribution on the interval [0,1]. Their total sum was then computed. Next,
each individual random number was divided by this sum, which yielded a
corresponding weight in the interval [0,1]. As a result, the final set of 10
weights collectively sums to 1.

The weight sets are presented in Table 7. As can be observed from the
table, the weights assigned to the criteria differ from one set to another. In
other words, a criterion that carries a high weight in one set may have a
lower weight in another.

One clear advantage of this variability is that it allows for greater
flexibility and adaptability in the evaluation process. By tailoring weights to
different sets, it becomes possible to capture the unique priorities, contexts,
or constraints of each scenario more accurately. This approach prevents
reliance on a single weighting scheme that may not be applicable in all
circumstances, thereby enhancing the robustness and relevance of the overall
analysis.

Tible 7. Random weight sets

Cl Cc2 C3 C4 C5 Co6 Cc7 C8 C9 [ Cl0 | Cl1 | Cl12 | C13 | C14 | C15

Random set 1

0.0016

0.1421

0.1272

0.0965

0.0139

0.0066

0.0349

0.0773

0.0501

0.0773

0.0767

0.0351

0.0745

0.1688

0.0176

Random set 2

0.0684

0.1134

0.0401

0.0479

0.0058

0.1072

0.0030

0.1170

0.0962

0.0266

0.0699

0.1026

0.0365

0.0996

0.0659

Random set 3

0.0148

0.1089

0.0390

0.1275

0.0388

0.0048

0.0911

0.0524

0.0468

0.1234

0.1012

0.0216

0.1182

0.0784

0.0332

Random set 4

0.0094

0.1798

0.1414

0.0071

0.0683

0.0502

0.0359

0.0729

0.0297

0.0785

0.0535

0.0523

0.1052

0.0298

0.0859

Random set 5

0.1320

0.0709

0.0036

0.1530

0.0944

0.0395

0.1052

0.1703

0.0016

0.0152

0.0151

0.0741

0.0210

0.0141

0.0900

Random set 6

0.0597

0.0607

0.0642

0.0439

0.0820

0.0317

0.0740

0.0799

0.1018

0.1062

0.1122

0.0308

0.0860

0.0267

0.0402

Random set 7

0.0940

0.0356

0.0905

0.0783

0.0705

0.0977

0.1035

0.0813

0.0656

0.0719

0.0673

0.0253

0.0862

0.0319

0.0004

Random set 8

0.0861

0.0823

0.0517

0.1216

0.0760

0.0011

0.0123

0.0128

0.1158

0.0026

0.1086

0.1118

0.0982

0.1073

0.0118

Random set 9

0.1293

0.1409

0.0306

0.0537

0.0116

0.0582

0.0093

0.1393

0.0902

0.0107

0.0918

0.0030

0.1424

0.0526

0.0364

Random set 10

0.0810

0.0108

0.0534

0.1083

0.1009

0.1004

0.1109

0.0362

0.0147

0.0028

0.0866

0.1005

0.0179

0.0976

0.0781

The ranking of countries under different weight sets is presented as a

heat map in Figure 5. Certain countries (e.g., Iceland and Luxembourg)
maintain the same or very similar ranks across all weight sets. This consistency
may suggest that these countries’ performance is relatively unaffected by
changes in the weighting scheme, implying a robust standing in the overall
assessment. Other countries (e.g., Spain and Italy) also tend to rank highly
under most configurations, though with slight variations. Their generally
strong positions may indicate fundamental advantages or stability in the
underlying indicators, making them less sensitive to weight fluctuations.
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Some countries experience more pronounced shifts in rank depending
on the weighting set (e.g., Denmark, Norway, Turkey, and the United
Kingdom). Such movements highlight a potential sensitivity to specific
criteria within the assessment. When certain indicators are given higher
weight, these countries’ standings improve or decline accordingly.

The disparities in rankings across the weight sets underscore the
importance of transparency in how weights are assigned. In policy analysis
or comparative studies, the choice of weights can substantially influence
outcomes. Researchers and decision-makers should conduct sensitivity
analyses to determine how robust the results are to different weight
configurations. This step is crucial for ensuring that conclusions drawn
from such rankings are well-founded and not unduly influenced by arbitrary
weighting schemes

Australia
Austria
Belgium
Canada
Denmark
Finland
France
Germany
Greece 20
Iceland 23 23
Ireland 21 21
daly | 2 | 1 ] 2 | 2 | 3 ] 2 | 1 ] 2 | 1 | 1T |
Japan 18 19 19 20 22 20 22 18 21 21
Luxembourg 24 24 24 24 24 24 24 24
Netherlands
New Zealand 20
Norway
Portugal
Spain
Sweden
Switzerland
Turkey
United Kingdom
United States

Scenarios

Figurve 5. Sensitivity Analysis

4.4. Comparison with Other Methods

The Table 8 presents the results of score calculations performed using
tour different multi-criteria decision-making (MCDM) techniques, namely
MOORA, WASPAS, TODIM, and TOPSIS. The rows list the countries
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under evaluation, and each column shows the corresponding score derived
from one of these MCDM methods.

Each MCDM technique applies a different methodological approach to
aggregating and prioritizing criteria. Consequently, while the overall trends
may be similar (e.g., countries that score relatively high in one method
often perform well in others), variations arise due to the unique weighting
and normalization processes of each technique. Countries such as Italy
(0.9694) and Austria (0.9666) achieve notably high scores, suggesting
strong performance under the combined additive-multiplicative approach
of WASPAS. Spain (1.0000) and Italy (0.9896) stand out with the
highest TODIM values. TODIM, being a prospect theory-based method,
can yield higher sensitivity to improvements in certain criteria compared
to other methods. Austria (0.9099) and Italy (0.9107) both score above
0.90, indicating minimal distance from the ideal solution and a significant
distance from the negative ideal solution under TOPSIS’s geometric-based
evaluation.

Some countries (e.g., Iceland in TOPSIS with 0.1539; Luxembourg in
TODIM with 0.0000) exhibit relatively low scores in specific methods. These
discrepancies can highlight areas where a particular country’s indicators align
poorly with the criteria emphasized by that specific technique.

When comparing countries, it is critical to consider the decision criteria
and their relative weights in each method. A country’s performance is
multidimensional; hence, results should be interpreted in the context of
which indicators (economic, social, environmental, etc.) are prioritized and
how the techniques process these indicators.

Although there is some alignment in identifying top-performing countries
(e.g., Italy, Spain, Austria), the ranking positions may vary among the four
methods. This underscores the importance of employing multiple MCDM
techniques for robust decision-making. By doing so, analysts can gain a
more comprehensive perspective and reduce the risk of methodological bias.
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Table 8. Scoves of the other models

MOORA WASPAS TOPSIS TODIM
Australia 0.1930 0.8259 0.5808 0.5408
Austria 0.2241 0.9666 0.9099 0.9330
Belgium 0.1793 0.7642 0.4484 0.6655
Canada 0.1775 0.7575 0.4493 0.5754
Denmark 0.2208 0.9496 0.8950 0.7135
Finland 0.2194 0.9458 0.8815 0.8711
France 0.2201 0.9492 0.8837 0.8671
Germany 0.1761 0.7530 0.4432 0.7628
Greece 0.1695 0.7189 0.4142 0.5945
Iceland 0.1474 0.6239 0.1539 0.3964
Ireland 0.1742 0.7447 0.4438 0.5808
Italy 0.2247 0.9694 0.9107 0.9896
Japan 0.1941 0.8306 0.5843 0.4809
Luxembourg 0.1727 0.7382 0.4434 0.0000
Netherlands 0.2213 0.9539 0.8989 0.7749
New Zealand 0.1949 0.8336 0.5864 0.5012
Norway 0.1821 0.7741 0.4565 0.6218
Portugal 0.2207 0.9519 0.8843 0.9237
Spain 0.2228 0.9611 0.9019 1.0000
Sweden 0.2204 0.9500 0.8972 0.7470
Switzerland 0.2183 0.9407 0.8929 0.5545
Turkey 0.2161 0.9296 0.8454 0.6537
United Kingdom 0.2220 0.9547 0.9149 0.5936
United States 0.2089 0.9000 0.7555 0.5848

Table 9 reports the correlation relationships among the MCDM (Multi-
Criteria Decision-Making) scores. For each correlation value, the p-value
was calculated to be less than 0.01. The Proposed Model, MOORA,
WASPAS, and TOPSIS are highly correlated with each other (all correlation
cocfticients are above 0.94). This suggests that these four methods produce
very similar ranking or scoring outcomes. TODIM shows relatively lower
correlation coefficients in comparison to the other methods (ranging from
0.6286 to 0.7984). This indicates that TODIM’s scoring results diverge
more significantly from the others. Since all p-values are below 0.01, the
correlations observed are statistically significant, underscoring the reliability
of these relationships.
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Table 9. Correlation Analysis vesults with other models

Proposed Model | MOORA | WASPAS | TOPSIS | TODIM
Pﬁﬁgifd 1.000000 0.962308 | 0.960867 | 0.947650 | 0.798437
MOORA 0.962308 1.000000 | 0.999887 | 0.995210 | 0.648089
WASPAS 0.960867 0.999887 | 1.000000 | 0.995658 | 0.648022
TOPSIS 0.947650 0.995210 | 0.995658 | 1.000000 | 0.628622
TODIM 0.798437 0.648089 | 0.648022 | 0.628622 | 1.000000

5. Conclusion

The application of the WENSLO-COCOSO framework to assess
OECD countries’ sustainability performances yielded a comprehensive
ranking based on fifteen distinct criteria. In the first stage, WENSLO was
employed to assign objective weights to each of the sustainability criteria,
minimizing potential researcher bias in the weighting process. Subsequently,
the COCOSO technique was used to integrate these weighted criteria into
an overall performance score for each country.

Several noteworthy findings emerge from these results. First, Italy tops the
ranking, indicating relatively strong performance across the majority of the
fifteen sustainability criteria. Interestingly, Austria, Spain, and Portugal also
appear at the upper end of the scale, suggesting that these countries may have
well-established policies or socio-environmental frameworks that holistically
address economic, environmental, and social dimensions of sustainability.
The high scores for these countries could stem from their investments in
clean energy, effective social welfare systems, and progressive environmental
regulations. In contrast, Iceland, Luxembourg, and Greece occupy the
lower positions in the ranking. While Iceland is often regarded favorably in
certain environmental indices (particularly for renewable energy usage), the
aggregated evaluation here suggests that some of the broader sustainability
dimensions—potentially related to social or economic indicators—brought
down its overall score. Likewise, Luxembourg’s score may reflect challenges
in areas beyond pure economic metrics, such as environmental impact per
capita or social equity, while Greece’s position could be influenced by socio-
economic and fiscal pressures that limit extensive sustainability initiatives.

A major limitation of the study is that the 15 SDG benchmarks used
do not cover all 17 targets, and in particular the lack of explanation for the
exclusion of SDG 12 and SDG 14. The lack of data on 42% of SDG indicators
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limits the depth of analysis, while methodological inconsistencies between
OECD countries make comparisons difficult. Moreover, the novelty of the
WENSLO and CoCoSo techniques prevents the comparison of results with
other MCDM methods and the heterogeneous nature of OECD countries
may ignore the unique circumstances of some countries. The study’s ad-hoc
assessment of SDG performance and its failure to quantitatively measure
synergies and trade-offs among the SDGs limit the effectiveness of policy
recommendations. To overcome these limitations, it is suggested to include
SDGs 12 and 14, address data gaps with fuzzy logic or machine learning,
and compare WENSLO-CoCoSo results with other methods. It would also
be useful to examine successful policies of top-ranked countries, increase
regional cooperation for low-performing countries, map SDG synergies
through network analysis, and adapt the methodology to the local level.
While green bonds and social impact investments are recommended
tfor policymakers, academically, the applicability of WENSLO in other
disciplines should be emphasized. These recommendations will strengthen
the contributions of the study and guide future research.
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Bolim 2

Portfoy Caligmalarinda Makine Ogrenmesi
Kullanimi Uzerine Bibliyometrik Bir
Degerlendirme 3

Sema Akin Bas!

Ozet

Bu ¢alisma portféy ve makine Ogrenmesi alanlarinda yapilan akademik
yaymlar1 sistematik bir gekilde inceleyerek ortaya ¢ikan literatiirii
bibliyometrik yontemle analiz etmeyi amaglamaktadir. Web of Science (WoS)
veri tabanindan elde edilen yaynlar ilgili anahtar kelimeler ile taranmug ve elde
edilen yayinlarin yillara gore egilimleri, kurumlar, ilkeler, atif alan ¢aligmalar,
sik kullanilan anahtar kelimeler detayli olarak degerlendirilmistir.

Elde edilen bulgular, portfoy yonetimi alaninda makine Ogrenmesi
tekniklerinin kullaniminin 6zellikle son yillarda hizla arttigini gostermektedir.
Tahminleme, smniflandirma ve optimizasyon problemlerinde yapay sinir
aglari, rastgele ormanlar, destek vektor makineleri gibi algoritmalarin siklikla
tercih edildigi tespit edilmigtir.

Bibliyometrik analiz ile ¢alistlan alanin mevcut durumu kapsamlr bir sekilde
ortaya konmustur. Tematik bosluklar ve gelecekteki galigmalar igin potansiyel
yonelimleri de isaret etmektedir. Bu yonii ile caliyma hem aragtirmacilar hem
de uygulayicilar i¢in referans niteligi tagimaktadir.

1. Giris

Porttoy yonetimi, finansal piyasalarda paydaslarin risk ve getiri dengesini
saglamak amaciyla kargilagilan en temel ve stratejik problemlerden biridir.
Yatirimcilarin farkli varlik tiirlerine iliskin beklentilerini, risk algilarini ve getiri
hedeflerini dengeleyerek etkin yatirim kararlar almalarint amaglayan bu alan,
hem teorik modeller hem de pratik uygulamalar agisindan zengin bir gergeve
sunmaktadir. Geleneksel porttdy teorisi, yatirimcilarin risk toleransina bagl

1 Dr. Ogr. Uyesi, Yildiz Teknik Universitesi, Fen Edebiyat Fakiiltesi, Matematik Boliimii,
Istanbul, Tiirkiye, akins@yildiz.edu.tr, ORCID: orcid.org/0000-0002-9937-316X
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olarak varliklarini gesitlendirerek optimal bir getiri saglamayr hedeflerken,
giiniimiizde portfoy yonetimi bir¢ok finansal ve finansal olmayan metriklere
dayanarak ele alinmaktadir (Leow vd., 2021). Bununla birlikte finansal
piyasalar, teknolojik gelismeler ve dijitallesmenin etkisiyle yiiksek hacimli
veri akigina maruz kalarak karmagik ve veri yogunlugunun yiiksek oldugu
bir alan haline gelmistir. Finansal piyasalarin dinamik yapida olmasi ve veri
kaynaklarinin artmasi ile birlikte biiyiik ve karmagik yapidaki verilerin i¢erdigi
belirsizlikler ile islenmesi oldukga kritik bir nokta haline gelmistir. Karar
alma siireglerinde yetersiz kalan geleneksel yatirim stratejileri yiiksek boyutlu
ve karmagik verileri iglemek ve anlamli iggoriilere doniistiirmek konusunda
gogu zaman yetersiz kalmaktadir. Yatinmcilarin dogru bilgiye zamaninda
ulagmasini ve etkili stratejiler gelistirmesini zorlagtirmaktadir. Bu baglamda
biiyiik veri kiimelerinin iglenebilmesi, karmagik oriintiilerin tanimlanmasi ve
veri odakli tahminlerde bulunabilmek i¢in daha giiglii, adaptif yontemlerin
kullanilmas: ihtiyact dogmustur. Béylece makine 6grenmesi gibi yeni nesil
yaklagimlar portféy yonetimi problemlerinde 6n plana ¢ikmistir.  Gelismig
makine 6grenmesi teknikleri, geleneksel modellerin gézden kagirabileceg,
veri igerisindeki iligkileri belirleyerek portfdy yonetimi igin etkin ¢oziimler
sunmaktadir. PortfOy yonetimi siirecinde makine 6grenmesi kullanimu,
tahmin dogrulugunu arttirmanin yan sira siirekli degisen piyasa kosullarinda
risk ve getiri yonetimine daha dinamik bir yaklagim sunmaktadir (Behara ve
Kumar, 2025). Boylece, yatirim kararlarini optimize etme potansiyeli tagryan
giiglii araglar olarak 6ne gikmaktadir.

Biiyiik veri teknolojilerinin geligimi, finansal piyasalarda anlik ve yiiksek
hacimli olan veri akigini iglenebilir hale getirirken, makine 6grenmesi
algoritmalar1 bu verilerden anlamh Oriintiiler ¢ikarma, simiflandirma,
kiimeleme, tahmin yapma gibi gorevleri yerine getirmede yiiksek bagari
gostermektedir. Portfoy yonetimi diizeyinde ongorii modelleri sayesinde
risk-getiri profilleri daha dinamik bir gekilde optimize edilebilmektedir
(Paiva vd., 2019). Klasik istatistiksel tekniklere gére makine 6grenmesi
algoritmalar1 daha esnek bir yapiya sahiptir. Ayrica dogrusal olmayan iligkileri
ve ¢ok boyutlu veri yapilarini 6grenebilme kapasitesine sahiptir. Portfoy
yonetimi uygulamalarinda hem 6ngoriisel hem de siniflayici gorevler igin
destek vektor makineleri, rassal ormanlar, karar agaglar1, gradyan arttirmal
agaglar gibi topluluk 6grenmesi algoritmalari kullaniimaktadir (Boudabsa
ve Filipovic, 2022; Mienye ve Sun, 2022; Zhao ve Ye, 2024; Ferrouhi ve
Bouabdallaoui, 2024). Diger yandan, yapay sinir aglari, derin 6grenme
algoritmalar1 dogrusal olmayan iligki yapilarini ortaya ¢ikarmada oldukga
bagarili yontemlerdendir (Huang vd., 2024; Kubo ve Nakagawa, 2025).
Uzun-kisa siireli bellek aglari gibi modeller ise zamana duyarli finansal zaman
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serilerinin analizinde kullanilmaktadir (Cao vd., 2019; Muroua ve Lamine,
2023). Bu algoritmalar sayesinde karar siireclerinde kargilagilabilecek insan
hatasina dayali Onyargilar azaltilabilmektedir. Bu nedenle giiniimiizde
portfdy yOnetimi uygulamalarinda yapay zeka temelli akilli sistemler 6n
plana ¢ikmaktadir.

Bu g¢aliymada, makine Ogrenmesi teknikleri kapsaminda portfoy
yonetimi konularmnin uluslararasi literatiirdeki geligiminin bibliyometrik
analiz yontemiyle incelenmesi amaglanmaktadir. Caliyma kapsaminda atif
analizi, anahtar kelime frekans analizi ve yazar is birligi aglar1 gibi teknikler
kullanilmig ve alandaki onde gelen aragtirmacilar, dergiler, iilkeler, temel
temalar ve geligen egilimler belirlenmistir. Elde edilen bulgular aragtirma
egilimlerini daha net bir gekilde ortaya koyacag: ve ilgili ¢aligma alanindaki
bilgi bogluklarinin belirlenmesine katki saglayacag: diistiniilmektedir.

2. Yontem

Bu ¢aliyma, portféy konulu bilimsel ¢aligmalarda makine 6grenmesi
algoritmalarinin  kullanimi hakkinda detayll bir analiz ortaya koymayi
amaglamaktir. Bu dogrultuda, 28.05.2025 tarihinde WoS veri tabaninda
herhangi bir baglangi¢ tarihi sinirlamasi olmaksizin ve verinin alindig1 son
tarihi ile “tiim alanlar” alanlarinda “portfolio selection” OR “portfolio” AND
“machine learning” kelimeleri kullanilarak yapilan arama ile 1526 galisma
listelenmigtir ve elde edilen veri kiimesi diga aktarilmigtir. Bibliyometrik
analiz yontemi kullanilarak verinin tamami analize dahil edilmistir. Ayrica,
bibliyometrik analiz i¢in R Studio yaziliminda Aria ve Cuccurullo (2017)
tarafindan  gelistirilen bibliometrix kiitiiphanesi {izerinden biblioshiny
kullanilmistir.

Bibliyometrik analiz, bilimsel yaymnlara ait bibliyografik bilgilerin
makale, anahtar kelime, yazar ve dergi bazinda incelenerek belirli bir
aragtirma alaninin genel yapisini nicel verilerle ortaya koymayr amaglayan
bir yontemdir (Merigo ve Yang, 2016). Bu analiz tiirlinde, belirli bir
bilim dalinin degerlendirilmesinin yani sira tilkeler, kurumlar veya bireyler
diizeyinde de bilimsel tiretkenlik degerlendirilerek mevcut duruma iliskin
gesitli gtkarimlarin yapilmasina olanak taninmaktadir ($akar ve Cerit, 2013).

Literatiir incelendiginde, “Portféy Yonetimi” ve “Makine Ogrenmesi”
konularinin ayr1 ayr1 ele alindigy ¢esitli yillarda yapilmig bibliyometrik analiz
caligmalarinin meveut oldugu goriilmiistiir. Goodell vd. (2021) ortak atif hem
de bibliyometrik baglanti analizlerini kullanarak, 1986 - Nisan 2021 tarihleri
arasinda finans alaninda yapay zeka ve makine O0grenimi aragtirmalarinin
tematik yapisin ¢ikarmiglardir. Ahmed vd. (2022) Scopus veri tabanindan
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elde ettikleri 2011-2021 yillart arasindaki 348 adet galiymadan olusan veri
kiimesi ile finans alaninda yapay zeka ve makine Ogrenimi ¢aligmalarinin
bibliyometrik analizini yapmiglardir. Bu ¢aligmanin tarihsel gilincelligi
ve konunun baglangicindan itibaren dahil edilmesi ile de literatiire katki
saglayacag: asikardir.

3. Analiz ve Sonuglar

Bu galiymada, WoS veri tabanindan alinan veri kiimesindeki yayinlar
iizerinde bibliyometrik analiz gergeklestirilmis olup elde edilen bulgular
sunulmugtur.

3.1. Tanimlayic1 analiz: Yayinlarin gelisimi

Porttdy probleminde makine 6grenmesi algoritmalar1 kullanimi {izerine
yapilmig bilimsel yayinlarin sayisinin yillara gore dagilimi Excel’de olugturulan
grafik ile Sekil 1’de gosterilmektedir. Baglangig yilinin 1991 oldugu veri
kiimesinde ilgili alanda yapilan aragtirmalarin sayisinin 2003 yilina kadar
sadece varligini stirdiirdiigii ve sonrasinda genel anlamda her gegen yil arttig
gozlemlenmektedir. Yaymn sayilarinda, 2003-2013 yillar1 arasinda yer yer
artma ve azalma egilimi gozlenirken 2013’ten sonra her gegen yil belirgin
bir artig izlemistir. Bu alandaki aragtirma sayis1 2017 yilindan sonra 6nemli
oOlglide artarak 2023 yilinda 291 galisma ile zirve yapmustir. 2025 yilinin
ilk yarisinin tamamlanmamig oldugu dikkate alinrsa ilgili yil igin yayin
sayilarinin artacagl yorumu yapilabilir.
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Sekil 1. Zaman Igindeki Yillsk Bilimsel Calimalar
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Caliygma kapsaminda elde edilen veri kiimesinde hangi tiirlerde
caligmalarin bulundugu ve ¢aligma sayilar1 incelenmistir. Buna iliskin veriler
Tablo 1’de sunulmustur. Tlgili konuda tamamlanan galigmalarin gogunun
makale tiiriinde oldugu goriilmektedir. Ayrica, kitap tiiriinde yapilan 10 adet
caligma sayist ile toplam ¢aligmalar igerisinde binde 6,5°lik paya sahiptir.

Tablo 1. Calismalavin Tiviine Gove Dagilunlar:

Calisma Tiiri Calisma Sayist Yiizdeligi
Makale 1,049 %68,7

Konferans Bildirisi 396 %26

Inceleme 62 %4,1

Kitap Bolimii 10 %0,65

Diger 9 %0,59

Sekil 2°de, ilgili alandaki toplam yayinlarin yaklagik olarak %14,3%ini
temsil ederek en gok yayini1 bulunan ilk on dergi listelenmektedir. Bu dergiler
arasinda Expert Systems with Applications agik ara ilgili alanda en ¢ok yayin
bulunan dergidir; 218 makalenin 47’si bu dergide yayinlanmistir ve yaklagik
%21,6’s1n1 temsil etmektedir.
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Sekil 2. Zaman Iginde One Cikan Dergiler
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3.2. I birligi analizi: kurumlar ve iilkeler

Sekil 3’te, ilgili konuda yayin yapan yazarlarin iilkelerine gore bir grafik
olusturulmugtur. Grafikteki turuncu renk ¢oklu iilke is birligi (CUIB)’ni,
mavi renk ise yalnizca ilgili kurumu yani tekli iilke is birligi (TUIB)’ni temsil
etmektedir. Elde edilen bulgulara gore; bu alanda en fazla yayinin Amerika
Birlesik Devletleri'nde (TUIB:63 ve CUIB:236) yapildigi, bunu Cin’in
(TUIB:208 ve CUIB:49) takip ettigi goriilmiistiir. Ilgili konuda en ¢ok
yayin yapilan tigiincii tilke ise 35 adet ¢oklu iilke ig birligi ve 61 adet iilke igi
ig birligi ile Almanya’dir (TUIB:61 ve CUIB:35).
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Sekil 3. Sorumiu Yuzarm Ulkesi

Analizi yapilan konu ile ilgili literatiire en gok katkida bulunan kurumlar
Sekil 4’te listelenmigtir. Kurum bazinda, Almanya’daki Heinrich Heine
Universitesi 43 yayinla ilk sirada yer alirken toplam 75 yaymla en etkili
kurumlar listesinde Almanya’daki iki adet tiniversite bulunmaktadir. Ayrica
tilke bazindaki listede besinci sirada bulunan Cin’den de iki farkli tiniversite
en etkili kurumlar listesinde yer almaktadir.
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Heinrich Heine Universitesi
Columbia Universitesi
Singapore Ulusal Universitesi

R R
s ]
s ]
Julich Arastirma Merkezi _
Kore Universitesi _
Michigan Universitesi _
Toronto Universitesi _
s

{slami Azad Universitesi

Sekil 4. Konu ile 1lgili Alana Katkda Bulunan Kurumlar

3.3. Ortak Kelime Analizi ile Kritik Odaklarin Tespiti

Veri kiimesinde en sik kullanillan yazar anahtar kelimeleri Sekil 5te
verilmistir. Grafik olugturulurken “portfolio” ve “machine learning” anahtar
kelimeleri tarama sirasinda kullanmildigs ve zaten aragtirmanin konusu oldugu
igin listeden ¢ikarilmigtir. Ayrica, “machine” ve “learning” anahtar kelimeleri
tek baglarina anlamli ¢ikarimlar ifade etmediginden listeden gikarilmigtir. Elde
edilen bulgulara gore “portfolio” ve “machine learning” anahtar kelimeleriyle
birlikte en sik kullanilan anahtar kelimeler “derin 6grenme”, “tahmin”, “yapay

» <

zeka” ve “optimizasyon” oldugu goriilmiigtiir. “pekistirmeli 6grenme”, “sinir
aglart”, “rastgele orman” ve “kiimele” gibi makine 6grenmesi teknikleri de
alanda en ¢ok kullanilan anahtar kelimeler arasinda yer almugtir. Ayrica,
geleneksel yontemlerle iglenemeyecek kadar hacimli, hizli ve gesitli veri
kiimelerini ifade eden “biiyiik veri” ve bu biiyiik veri kiimeleri iginden anlamlt
desenler, iligkiler ve bilgiler kesfetme siireci olan “veri madenciligi” anahtar
kelimeleri tespit edilmistir. Listedeki diger anahtar kelimeler incelediginde
kavramlarin portfoy ile iligkili alanlarda siklikla arastirilan kavramlar oldugu
goriilmiistiir. Veri kiimesinde en sik kullanilan anahtar kelimeler $ekil 6’daki

kelime bulutu ile de gorsellestirilmistir.
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Sekil 6. Kelime Bulutu

Sekil 7°de, ilgili veri kiimesine gore yillar iginde “Portfoy” ve “makine
ogrenmesi” ile birlikte aragtirilan ve trend olan konular sunulmustur. Bu
bulgulara gore 2004-2010 yillarinda bu alanda trend olan konular sadece
“islem maliyeti” ve “genetik” olup 2004-2025 yillar1 arasinda bu alanda
birlikte trend olan gesitli kavramlarin bulundugu gozlemlenmektedir.
Ayrica yil bazinda varligini en uzun siirdiiren trend konu, varligi boyunca
7 tekrarlama ile 2006 yilinda zirve yapan “islem maliyeti” olmugtur. Konu
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tizerine yapilan aragtirmalarin 2017 yilindan itibaren artis gostermesiyle
birlikte (Bkz. Sekil 1), ilgili yildan itibaren bir¢ok kavram birlikte trend
konular arasinda bulunmugtur. 2012-2021 yillar1 arasinda uzun bir siire trend
konularda varhigini siirdiiren “genetik algoritma™ ise yerini “kiimeleme”,

>

“yapay zeka”, “derin 6grenme”, “rastgele orman” ve “sinir aglar1” konularina
birakmuigtir. Ozellikle, “derin ogrenme”, “yapay zeka” ve “optimizasyon”
2022 yilinda trend konularin kullanimda sirastyla 77, 62 ve 60 kullanim
ile zirve yapmistir. 2024 yilina gelindiginde bu alanda yapilan ¢aligmalarin
sayisinda da onemli bir artiy oldugu (Bkz. Sekil 1) not edilerek “uzun kisa
stireli bellek” kavraminin da 6nem kazandig1 goriilmektedir. Ayrica, 2024
yiinda 40 kullanim sikligr ile “tahmin” kavrami da trend olan konular
arasinda yer almgtir. Ote yandan, 2025 yili ile birlikte “agiklanabilir yapay

zeka” kavrami bu alandaki trend konular arasinda yer almugtir.

Trend Topics
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Sekil 7. Trend Konular

3.4. Bibliyografik Baglant1 Aglarinin Analizi

Sekil 8, anahtar kelimelerin  olugturdugu eg-olusum  aglarim
gostermektedir. Birbiriyle iligkili Gi¢ farkli eg-olusum kiimesinin olustugu
goriilmektedir. En genig aga sahip mavi kiimede en belirgin olarak “se¢im”,
“model”, “performans”, “optimizasyon”, “sinir aglar’”, “regresyon” ve
“tahmin” gibi anahtar kelimeler yer almigtir. Bu kiimede konu ile ilgili diger
anahtar kelimeler de sekilde goriilmektedir. Yesil renkli diger biiyiik kiimede
ise “risk” kavrami 6n plana ¢tkmig olup bu kiimede “getiriler”, “kesit” ve
“degigkenlik” anahtar kelimeleri yogun kullanima sahiptir. Ayrica, diger
kavramlarla da iligkili oldugu tespit edilmistir. Diger olusumda 6ne ¢ikan
belirli bir anahtar kelime bulunmamakla beraber gekilde de gortildiigii gibi
diger kiimelerdeki kavramlar ile olugturulan aglar1 igermektedir.
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Sekil 8. Es-olusum Agn

Son olarak ilgili veri kitmesindeki ¢aligmalar kullanilarak temel, yiikselen
veya gerileyen, nig ve motor temalar iizerinden kavramlar belirlenmistir.
Olusturulan tematik harita Sekil 9°da sunulmugtur. Sag alt kosede yer alan
temel temalar, galigmalar i¢in genel 6neme sahip konular1 gostermektedir.
Bu boliimde iki farkli kiime olugtugu goriilmektedir. Bu kiimelerde “y6n”
ile birlikte “enerji” ve “endeksler” kavramlar1 yer alirken “optimizasyon”
kavramiyla sikhkla “aglar” ve “tasarim” kavramlarinin = kullanildigt
goriilmiistiir. Diger taraftan, sol alt kisimda yer alan yiikselen veya gerileyen
temalarda sadece “algoritma segimi” ve “zorluklar” kavramlar1 ayr1 kiimeler
ile belirgin olarak 6ne ¢ikmistir. “Saf gesitlendirme”, “kovaryans matrisi” ve
“Markowitz”, “Bitcoin”, “hisse senetleri” ve “altin” olmak lizere temel iki
kiime ile bu konulardaki ¢aligmalarin bu alanda nig temalar oldugu tespit
edilmigtir. Nig temalar, ilgili kavramlarin kendi aralarinda giiglii baglantilara
sahip oldugunu ve diger konulardan farkli oldugunu gostermektedir. Son
olarak, motor temalarda gorece olarak daha biiylik iki kiime olugumu
bulunmaktadir. Kiimelerin biiyiikliigii aragtirmalarda siklikla kullanildigin
gostermektedir. Burada “tahmin”, “optimizasyon” kavramu ile “performans”
ve “model” ile “risk” kavramlari b1r arada ele alinmugtir. Diger bir deyisle,
caligmalar arasinda en 6nemli ve geligmis ana galiyma alanlari olarak kabul

»

edilen konulardir.
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Sekil 9. Tematik Harita

3.5. Alint1 Analizi: Ana Makaleler ve Yazarlar

Veri kiimesindeki ¢aligmalar toplam atif sayilarina gore siralanmig ve en
yiksek atif sayisina sahip 10 ¢aligma Tablo 2°de listelenmistir. Listenin %20
’sine kargilik gelen 2 yayin ile ilgili konuda en gok atif alan yaymnlarin “Expert
Systems with Applications” dergisinde yayimlandigr gortilmektedir.
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4. Sonug

Bu ¢aligma kapsaminda, portfoy yonetimi ve makine 6grenmesi temali
literatiir bibliyometrik analiz ile incelenmistir. Alandaki akademik egilimler,
yaym yapilari, 6ne ¢ikan kurumlar ve dergiler, sik¢a kullamilan anahtar
kelimeler ve tematik haritalart yorumlanmugtir. Elde edilen bulgular, bu alanda
gerceklesen caligmalarin son yillarda ivme kazanarak makine 6grenmesi
tekniklerinin portfOy yonetimi ¢aligmalarinda daha fazla yer buldugunu
gozler Oniine sermektedir. Daha sonra ¢alismalarin yiiritiildigi {lkeler
ve kurumlar ile sorumlu yazarlarin ilkeleri belirlenmigtir. Yazar anahtar
kelimeleri kullanilarak veri kiimesinde en sik tekrar eden anahtar kelimeler
yardimiyla yapilan ¢aligmalardaki énemli noktalar tespit edilmistir. Ozellikle
derin 6grenme, 6ngorii modelleri ve risk optimizasyonu gibi alt bagliklarin da
on plana giktigr goriilmektedir. Ayrica, ilgili anahtar kelimeler ile bu alandaki
trend konular belirlenerek veri kiimelemesi aracihigiyla terimler arasinda bir
ag ve tematik bir harita olugturulmusgtur. Son olarak, atif analizi ile en sik atif
alan on yayin listelenmigtir.

Yapilan analiz sonucunda, portféy yonetiminde makine Ogrenmesi
yontemlerinin sadece teknik bir arag olarak kullanimi degil, ayn1 zamanda
yatirim karar siireglerinde stratejik bir bilesen olarak konumlandigin: ortaya
koymaktadir. Literatiirdeki odak degigimleri, bu alanda yeni aragtirma
firsatlarinin ve metodolojik yaklagimlarin geligtigini gostermektedir. Bu
yoniyle ¢aligma, literatiirdeki mevcut bogluklar1 ve gelisim alanlarini
belirlemeye katki saglamanin yani sira yapilacak olan aragtirmalar igin
yonlendirici bir ger¢eve sunmaktadir.
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Chapter 3

Comparison of Healthcare System Performance
in EU Candidate Countries Using an Entropy

and TOPSIS-Based Multi-Criteria Decision-
Making Approach: Tiirkiye’s Position 3

Hamza Dogan'

Abstract

This study employs a multi-criteria decision-making (MCDM) approach
based on the Entropy and TOPSIS methods to objectively evaluate the
relative performance of the healthcare systems of nine European Union
candidate and potential candidate countries. The analysis includes Tiirkiye,
Albania, Montenegro, Serbia, North Macedonia, Bosnia and Herzegovina,
Moldova, Georgia, and Ukraine.

The performance comparison is based on six key criteria: life expectancy
at birth, infant mortality rate, number of physicians per capita, number of
hospital beds per capita, health expenditure as a percentage of Gross Domestic
Product (GDP), and Diphtheria-Tetanus-Pertussis (DTP3) vaccination
coverage rate. The objective weighting of the criteria was determined
using the Entropy method, which measures uncertainty. Subsequently, the
performance ranking of the countries was established using the TOPSIS
technique, which assesses alternatives based on their relative closeness to the
ideal solution.

According to the findings, Montenegro, North Macedonia, and Serbia stand
out as the countries with the highest-performing healthcare systems. In
contrast, Tirkiye ranks as the second-lowest performing country; just above
Moldova. These results highlight significant improvement needs in Tiirkiye’s
healthcare system, particularly in service quality and human resources. The
study provides a valuable contribution to the development of evidence-based
recommendations for restructuring health policies in these countries.
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1. Introduction

In the 2Ist century, evaluating the performance of health systems
requires a multidimensional approach that extends beyond merely health
outcomes. According to the World Health Organization (WHO), the
assessment of health systems should be based on the core functions such
as governance, financing, and service delivery, as well as the extent to
which these functions achieve intermediate and final goals like accessibility,
efficiency, fair financing, and quality of care (Papanicolas et al. 2022). In
this context, the success level of health systems is associated with their ability
to improve the overall health of the population, ensure timely and effective
access to services, promote equitable distribution among individuals, and
utilize available resources efficiently.

Therefore, evaluating the performance of health systems from a holistic
perspective is particularly important in countries undergoing structural
transformation, such as candidate countries for European Union (EU)
membership. Indeed, Sigirh et al. (2006), using multidimensional scaling
analysis, demonstrated that Tiirkiye lags behind most EU countries in terms
of key health indicators (life expectancy at birth, child mortality rates) and
the ratio of health expenditures to GDP. These findings further underscore
the significance of conducting comparative analyses of health systems in
candidate countries for policymakers.

Comparing health systems across countries enables policymakers to
make informed decisions aimed at strengthening their own systems. The
HiT (Health Systems in Transition) profiles developed by the European
Observatory systematically describe how systems are organized, how funds
are allocated, and what types of services are provided using a common
template. These profiles allow for an evaluation of countries’ health systems
both within their historical context and in comparison with other European
systems (Rechel et al. 2016).

Over the past two decades, health systems in Southeastern Europe have
undergone comprehensive reform processes driven by the pursuit of more
effective and efficient service delivery, efforts to ensure the sustainability
of health expenditures, financial pressures stemming from technological
advancements and an aging population, and the transformative pressures
of transitioning from socialist systems to market economies (Bartlett,
Bozikov, and Rechel 2012). This historical context reinforces the necessity
of comparatively evaluating the performance of health systems in these
countries, both from a scientific and structural perspective.
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This study aims to systematically evaluate the effectiveness of healthcare
services, resource allocation, and investments by conducting a comprehensive
analysis of the health systems of Tiirkiye and other European Union (EU)
candidate and potential candidate countries. Using the integrated application
of multi-criteria decision-making methods—Entropy and TOPSIS—the
study compares health indicators across countries and assesses health system
performance within a multidimensional framework. The combined use of
these methods provides a more robust and objective analytical foundation
while revealing structural differences among countries in greater detail.

At the core of this research lies data obtained from reliable international
sources such as the World Bank, with methodological rigor prioritized in
the construction of the decision matrix. The six key performance indicators
selected for evaluating health systems offer a multidimensional comparison
by linking health outcomes with health resources and investments. Life
expectancy at birth, which reflects the expected health status of individuals,
is considered a critical indicator for assessing a country’s overall health
conditions. Infant mortality rate, which indicates access to and quality of
healthcare services, demonstrates the extent to which populations benefit
from essential health services. The number of physicians per 1,000 people
reveals the density of health personnel and the capacity for healthcare access,
while the number of hospital beds per 1,000 people indicates a country’s
healthcare infrastructure and service delivery capacity. The share of health
expenditures in GDP provides significant insights into the budgeting of
health policies by measuring countries’ financial investments in the health
sector. Lastly, the DTP3 immunization rate reflects the importance placed on
preventive healthcare and the effectiveness of basic childhood immunizations
In a given country.

These indicators enable cross-country comparisons by objectively
evaluating the performance of health systems through data-driven metrics. In
the indicator selection process, factors such as data accessibility; international
comparability, alignment with EU policies, and the requirements for a
structural assessment of health systems were taken into account. The findings
of this study will identify Tiirkiye’s position among EU candidate countries,
highlighting both the strengths and areas in need of improvement within
its health system. In this regard, the research aims to establish an evidence-
based framework for the restructuring of health policies and to provide
valuable insights for policymakers in enhancing the effectiveness of health
investments, improving access to services, and planning reform processes.
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Accordingly, the study is structured into five main sections. The
introduction presents the conceptual framework and objectives of the
research, along with the relevant theoretical background. The literature
review section examines existing studies on the evaluation of health systems
and discusses findings related to the application of the Entropy and TOPSIS
methods in the healthcare field. The methodology section provides a detailed
explanation of the implementation steps of these techniques, including data
processing procedures and methodological approaches. In the application
section, the data collected within the scope of the research are presented,
and Tirkiye’s health system is evaluated comparatively with other EU
candidate countries. The conclusion and recommendations section discusses
the findings of the study and offers concrete suggestions for restructuring
health policies.

The findings clearly reveal Tirkiye’s position among EU candidate
countries by identifying the strengths and areas for improvement in its
health system. The study offers a scientific foundation for enhancing health
policies and delivers valuable insights for increasing the sustainability and
effectiveness of health systems through its methodological approaches and
comprehensive data analysis.

2. Literature Review

The health systems of EU candidate countries lag behind the EU average
in terms of financial sustainability, service quality, and health outcomes. A
comparative study based on EUROSTAT data found that per capita health
spending in candidate countries is approximately one-third of the EU
average, while infant mortality rates are three times higher. Furthermore,
Tiirkiye has the lowest health expenditure as a share of GDP and ranks
lowest in terms of health workforce density (éantric’ Milicevi¢ et al. 2020).
A report published by the OECD and European Commission (2016)
emphasizes significant structural inequalities in the efficiency, accessibility,
and sustainability of health systems across EU countries. Notably, there is
a life expectancy gap of up to eight years between Western and Central/
Eastern European countries, attributed to disparities in access to and quality
of healthcare services. The fact that over 550,000 people die prematurely each
year due to chronic diseases—resulting in a loss of 3.4 million productive
life years—highlights the serious consequences of these inequalities (OECD
and EU 2016). Mackenbach and McKee (2013) also note substantial
differences in health policy implementation and outcomes across European
countries, emphasizing the effectiveness of Northern European countries,
while Eastern European nations generally show weak performance. Key
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determinants of these performance differences include national income,
government effectiveness, and societal values.

The evaluation and comparison of health system performance is critically
important for policymakers. The European Union (EU) institutionalized
this process, which began with the signing of the Tallinn Charter in 2008,
through the establishment of the Health Systems Performance Assessment
(HSPA) expert group in 2014. Initially focused on sharing best practices,
this group has gradually undertaken concrete evaluation studies in areas
such as quality of care, integrated service delivery, and primary health care.
The group’s success lies in its participatory approach, flexible attitude, and
effective integration of findings into policymaking (Paoli et al. 2019). The
role of primary health care in these evaluations is particularly significant.
Barbazza et al. (2019) emphasize that measuring the performance of primary
health care in the European region is critical for achieving the goals of health
system sustainability and universal health coverage. For this purpose, they
developed the comprehensive PHC-IMPACT performance assessment
framework, which includes 139 indicators across various domains such
as structural characteristics, service delivery models, and health outcomes.
Following the COVID-19 pandemic, the concept of “resilience” has come
to the forefront. Vainieri, Caputo, and Vinci (2024) assessed the resilience
of health systems in EU countries using six key indicators: addressing
unmet health needs, protecting vulnerable groups, resource availability and
efficiency, trained personnel, digital health, and strengthening primary care.
They emphasized that resilience is not only about crisis management but
also a fundamental component of sustainable performance.

The multidimensional nature of health systems necessitates the use of
composite indices and multi-criteria decision-making (MCDM) methods
in performance evaluations. In the literature, multivariate techniques such
as factor analysis, cluster analysis, Data Envelopment Analysis (DEA), and
Malmquist Total Factor Productivity (TFP) are widely used. For instance,
within the EURO-HEALTHY project, numerous indicators were employed
based on the core functions defined by the World Health Organization to
classify European countries, highlighting similarities and differences in service
delivery, financing, and resource generation (Ferreira et al. 2018). Konca
and Demirci (2019), in their analysis using the Malmquist TFP method
tfor G20 countries, noted that Tiirkiye demonstrated a remarkable increase
in productivity between 2000 and 2015, attributed to improvements in
technical efficiency and technological change, which may be linked to health
reforms. Similarly, Teles, Cakmak, and Konca (2018), in their DEA study
on EU-cycle countries, found that Tiirkiye used its resources relatively more
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efficiently and was frequently referenced. They emphasized that evaluations
should focus more on the effective use of resources rather than merely their
availability.

Multi-criteria decision-making (MCDM) methods such as Entropy and
TOPSIS are increasingly preferred in the evaluation of health systems due
to their capacity to assign objective weights to health indicators and provide
comprehensive, impartial analyses for cross-country comparisons. Despite
methodological challenges such as indicator selection, weighting, and data
quality, these methods facilitate systematic comparisons by integrating
diverse indicators related to health expenditures, human resources, and
service delivery (Popescu et al. 2018). At the EU level, the 23 headline
indicators proposed for comparing the performance of health systems
have been found useful by policymakers for general guidance. However,
more detailed and explanatory indicators are often preferred in data-driven
decision-making processes. Furthermore, the limited adaptability of these
indicators to national contexts and the lack of appropriate benchmarks for
comparison are among the main barriers to their widespread and effective
use (Peri¢ et al. 2020). In this context, MCDM methods such as Entropy
and TOPSIS offer a valuable methodological alternative for evaluating
health systems in a more objective and comparable manner.

Studies using the TOPSIS method in the context of the European Union
provide significant insights into the positioning of candidate countries and
Tiirkiye. Tiirkoglu (2018) analyzed 26 European countries for the 2010-
2014 period using TOPSIS based on indicators such as life expectancy,
health expenditures (as a percentage of GDP and per capita), number of
hospital beds, fertility rate, infant mortality, and number of physicians.
Countries like Norway and Luxembourg ranked at the top, while Slovakia,
Serbia, Latvia, and Tiirkiye consistently appeared at the bottom of the
rankings. Kasman, Kasman, and Gokalp (2019) investigated technical
efficiency and productivity convergence—specifically B (beta) and o (sigma)
convergence—in the health systems of EU member and candidate countries
between 1995 and 2012. They found that countries (including Tiirkiye)
have converged over time, particularly in terms of life expectancy and
infant mortality rates, suggesting that candidate countries are progressively
aligning with EU standards.

Multi-criteria decision-making (MCDM) studies with a specific focus on
Tiirkiye’s performance generally indicate that the country ranks low among
OECD countries. Sahin and Cezlan (2023), using criteria weighted by the
Analytic Hierarchy Process (AHP) and ranked via the TOPSIS method,
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placed Tiirkiye 29th out of 29 OECD countries, while countries following
Beveridge and Bismarck models occupied top positions. Ozsari and Boz
(2019) evaluated the health status of 34 OECD countries using TOPSIS and
found Japan to have the highest performance, with Tiirkiye at the lowest rank.
Demir Uslu (2021) compared OECD countries using eight health resource
indicators from 2019 through TOPSIS and VIKOR methods, ranking
Tiirkiye 25th out of 26 countries in both methods, particularly noting its
lag in medical technology. Degirmenci and Yakici Ayan (2020), using a
combination of Fuzzy Clustering Analysis and TOPSIS, assessed OECD
countries based on health resources (e.g., pharmaceutical expenditures,
number of doctors, nurses, and beds). They placed Tiirkiye in the same
cluster as Poland, Mexico, and South Korea but in the lowest performance
group according to TOPSIS, emphasizing the country’s shortage of
healthcare personnel. Lastly, Demir Uslu et al. (2023) used TOPSIS to
rank OECD countries based on financial indicators such as total, public, and
private health expenditures per capita, and health expenditure as a share of
GDP. The study ranked the U.S., Switzerland, and Norway at the top, while
Tiirkiye was at the bottom of 35 countries, highlighting its lag relative to
economic development and the OECD average.

The composition and structure of health expenditures also provide
critical insights for comparative analyses. Boz and Sur (2016), using WHO
indicators and Multidimensional Scaling (MDS), analyzed EU member and
candidate countries and classified them into two main groups. They found
that Tiirkiye, in terms of health expenditures, was positioned similarly to
Poland and Romania, while differing significantly from countries like the
Netherlands and Luxembourg. This finding highlights the need to analyze
health systems not only by financial magnitude but also by expenditure
composition and the public-private balance. Kavas and Ertas (2023)
analyzed 31 OECD countries using the TOPSIS method based on health,
economic, and financial indicators. Their study included core health metrics
such as life expectancy, health expenditures, and the number of doctors,
as well as macro indicators like economic globalization, financial freedom,
and GDP per capita. The weights of the criteria were determined according
to the principle of intra-group equality and expert opinions. In this multi-
criteria decision-making analysis, Tiirkiye ranked 21st. Such methods enable
multidimensional and comparative evaluations of national health system
performance and contribute significantly to the policy development process.

The unique contribution of this study to the literature lies in its holistic
and objective analysis of the performance of health systems in European
Union (EU) candidate and potential candidate countries using Entropy and
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TOPSIS-based multi-criteria decision-making (MCDM) approaches. While
similar analyses exist in the context of EU member and OECD countries, the
literature reveals a notable lack of comprehensive and systematic assessments
focused specifically on EU candidate countries. In this regard, the study
not only determines Tiirkiye’s comparative position among other candidate
countries but also offers decision-makers a data-driven opportunity to analyze
the strengths and weaknesses of health systems. By assigning objective
weights to indicators through the Entropy method and ranking countries
based on their proximity to the ideal solution using TOPSIS, the study
stands out methodologically. As such, it contributes to the development of
evidence-based health reform recommendations for policymakers.

3. Methodology

3.1. Multi-Criteria Decision-Making Methods and Weighting
Approaches

Multi-Criteria Decision-Making (MCDM) methods are analytical tools
that enable the systematic evaluation of multiple, and often conflicting,
criteria simultaneously. These methods allow for the holistic analysis of
both objective and subjective criteria in the decision-making process. The
methods used vary depending on whether the criterion weights are known
or unknown. Moreover, the literature offers a variety of techniques for

determining and comparing criterion weights (Ediz, Altan, and Tagdemir
2025).

3.1.1. Methods Used When Criterion Weights Are Known

In cases where the weights of decision criteria are predetermined, the
tollowing methods are commonly used:

DEMATEL (Decision-Making Trial and Evaluation Laboratory): This
method analyzes causal relationships among decision criteria to construct a
structural influence matrix (Fontela and Gabus 1976).

TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution): This method evaluates alternatives based on their distances from
the ideal and negative-ideal solutions, identifying the one closest to the ideal
as the most appropriate option (Hwang and Yoon 1981).

PROMETHEE (Preference Ranking Organization Method for
Enrichment Evaluation): A method in which alternatives are assessed in
pairs according to preference functions and ranked using net flow values

(Brans and Vincke 1985).
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ELECTRE (ELimination Et Choix Traduisant la REalité): A method
that makes selections based on dominance relations and threshold values
between alternatives, incorporating exclusion relationships in the elimination

process (Roy 1991).

MAUT (Multi-Attribute Utility Theory): An MCDM method that
calculates an overall utility score for each alternative by aggregating weighted
utility functions (Keeney and Raifta 1993).

VIKOR  (VlseKriterijumska Optimizacija I Kompromisno Resenje):
A method that balances group utility and individual regret measures to
determine a compromise solution close to the ideal in multi-criteria problems
(Opricovic and Tzeng 2004).

MOORA (Multi-Objective Optimization by Ratio Analysis): An MCDM
approach that separately considers benefit and cost criteria and evaluates
alternatives using ratio analysis (Brauers and Zavadskas 2006).

ARAS (Additive Ratio Assessment): A method that ranks alternatives
based on total performance scores normalized and weighted relative to an
ideal solution (Zavadskas and Turskis 2010).

3.1.2. Methods Used When Criterion Weights Are Unknown

When the weights of decision criteria are not predetermined, the
tollowing methods are frequently employed:

Borda Count Method: An approach in which alternatives are ranked by
each decision-maker and scored based on their position, with the alternative
receiving the highest total score being selected (Borda 1781).

Condorcet Method: A method that involves pairwise comparisons
between all alternatives, selecting the one that wins the most comparisons
(i.e., preferred by the majority) as the overall winner (Condorcet 1785).

Copeland Method: This approach calculates the difference between the
number of wins and losses each alternative has in pairwise comparisons,
selecting the one with the highest net score (Copeland 1951; Henriet 1985).

Lexicographic Method: A decision-making approach where criteria are
ordered by importance. The alternative with the best performance in the
most important criterion is selected, and in the case of a tie, the next most
important criterion is considered (Fishburn 1974).
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3.1.3. Methods for Determining Criterion Weights

The following methods are commonly used for assigning weights to
decision criteria:

Entropy Method: An objective weighting method based on the
information content (entropy) of criteria, assigning higher weights to those
with greater variability (Shannon 1948).

AHP (Analytic Hierarchy Process): A widely used MCDM method in
which criteria are evaluated via pairwise comparisons, with a consistency
ratio to assess the reliability of comparisons and eigenvalue calculation for
determining weights (Saaty 1980).

CRITIC (Ciriteria Importance Through Intercriteria Correlation): An
objective method that considers both the standard deviation (information
content) of each criterion and its correlation with others to calculate weights
(Diakoulaki, Mavrotas, and Papayannakis 1995).

SWARA (Step-Wise Weight Assessment Ratio Analysis): A step-by-step
method where decision-makers rank criteria by importance and assess each
one’s relative importance compared to the previous criterion (Kersulieng,
Zavadskas, and Turskis 2010).

BWM (Best-Worst Method): A method in which the best and worst
criteria are identified, and all criteria are compared against them to calculate
weights (Rezaei 2015).

FUCOM (Full Consistency Method): A method that determines weights
using a minimal number of pairwise comparisons, ensuring high consistency
in the process (Pamucar, Stevi¢, and Sremac 2018).

3.2. Entropy Method

Entropy method is a technique that enables the objective determination
of criterion weights in multi-criteria decision-making (MCDM) processes.
This approach is based on the concept of entropy from information theory,
which measures the level of uncertainty. As the amount of information
contained in a criterion increases, its significance in the decision-making
process—and thus its weight—also increases. The Entropy method, whose
steps are outlined below, offers a more impartial weighting mechanism by
minimizing potential biases stemming from the subjective assessments of
decision-makers (Wang and Lee 2009; Shannon 1948; Zeleny 1982; Wu
and Lin 2012).
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Step 1: Construct the Decision Matrix of Raw Data

The original decision matrix, in which each alternative is evaluated against
various criteria, is defined as follows:

X1 Xqz v Xy
X [x.] Xa1 Apz e Xy i=12,..,n
= |x. = s . . . .
il nxm j= 1,2,..,m
xnl xﬂ? xﬂm

Here, n denotes the number of alternatives, and m represents the number
of criteria. The term x;; indicates the value assigned to the i alternative
with respect to the j® criterion.

Step 2: Normalize the Decision Matrix

Due to the fact that criteria may be expressed in different units, the
decision matrix must be normalized to ensure comparability. The normalized
value 1y is calculated as the ratio of the corresponding cell value to the total

of its column:

IS

Step 3: Calculate the Entvopy Values of the Criteria

T'i.j

For each criterion, the entropy value e;e; is calculated using the following
formula:

n

e = —k X Zri}- X In(ry)

E=
Here, k = ﬁ is a constant multiplier that ensures the entropy value g;
falls within the range 0 = ¢; = 1.
Step 4: Caleulnte the Weights of the Criteria

The deviation d] in the information content of each criterion and the
corresponding weight w; are determined as follows:
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With this method, criteria with lower information diversity (entropy)—
meaning they contribute more significantly to the decision-making process—
are assigned higher weights.

3.3. TOPSIS Method

The TOPSIS method is a widely used technique for ranking alternatives
in multi-criteria decision-making problems. It is based on the principle that
the chosen alternative should be closest to the ideal solution and farthest
from the negative ideal solution. The steps of the TOPSIS method, outlined
below, take into account the decision-maker’s preferences and the weights
of the criteria to rank the alternatives accordingly (Behzadian et al. 2012;
Hwang and Yoon 1981).

Step 1: Constructing the Decision Matvix

The decision matrix X , consisting of n alternatives and m criteria, is
formed as follows:

X1 Xyz 7 X
X = [ ] _ Xay Xan o Ko i= 1,2_.. vy T
I T j=12..,m
Xn1  Fn2 Kom

Here, x;; represents the performance of the i ™™ alternative with respect
to the j*® criterion.

Step 2: Normalization

The decision matrix is normalized using the vector normalization method.
The normalized value 7 is calculated as:

Xij i=12, .., 1

j T j=12,..,m
Ei:lxé‘

Step 3: Construct the Weighted Normalized Decision Matrix

U= W..T,
3] P
Vig Pz ot Uiy Wity Wity o Wiy
Voy Thy o T Wyl Wolhy ... W T i=12,..,n
21 22 2m 1721 272z m'Zm pEp vy
V = [wglom = 3 : . : : - : ;

V1 Va2 Vnm WiTha Wil e Wi

mnm
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Here, w; represents the weight of the j eh criterion, and it must satisfy
the condition:

m
2 m=1
=1

Step 4: Determining the Ideal and Negative-Ideal Solutions

The ideal solution A¥is formed by selecting the maximum values for
benefit criteria and the minimum values for cost criteria. Conversely, the
negative-ideal solution A~ is defined by selecting the minimum values for
benefit criteria and the maximum values for cost criteria.

At = [mfzx v; (€ benefit],miin v;; (j € cost) }

Step 5: Calculate the Separation Measures

The distances of each alternative from the ideal and negative-ideal
solutions are calculated using the Euclidean distance metric:

m
5:'+ = Z{”ij - ”;r]:
=1

™
5. = Z{Ui}' - l’_;-_]:
=1

Step 6: Calculnte the Relative Closeness to the Ideal Solution

The relative closeness €; of each alternative to the ideal solution is
calculated using the following formula:

ST

Ci=—FF=—.,0=C=1
ST+,

Step 7: Ranking

The alternatives are ranked in descending order based on their C; values.
The alternative with the highest €; value is considered the most preferred
option:
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C;t=Higher preference

This final step provides a clear and data-driven ranking of all alternatives,
guiding decision-makers toward the optimal choice.

4. Application

This study was conducted to compare the relative performance of the
health systems of nine countries that are candidates or potential candidates
tor European Union membership. The countries included in the analysis
are Tiirkiye, Albania, Montenegro, Serbia, North Macedonia, Bosnia and
Herzegovina, Moldova, Georgia, and Ukraine. These countries were selected
because they are undergoing health sector reforms within the framework
of the EU’s enlargement policy and because their health systems exhibit
structurally distinct characteristics. Kosovo was excluded from the analysis
due to the unavailability of up-to-date and reliable data for the relevant
criteria.

In the decision-making process, six key performance criteria were
identified to represent health systems in a multidimensional manner. The
criteria used in the evaluation include: life expectancy at birth (LEB), infant
mortality rate (IMR), number of physicians per 1,000 people (PhysD),
number of hospital beds per 1,000 people (HospBeds), current health
expenditure as a percentage of GDP (CHE%GDP), and DTP3 immunization
coverage (DTP3).The selection of these indicators was influenced by their
frequent use in the literature (e.g., Tiirkoglu, 2018; Demirci, Konca, and
Ilgiin, 2020) and their ability to enable a comprehensive assessment that
encompasses health system outputs, resources, and investments. Moreover,
these indicators were chosen based on the most recent data available from
the World Bank databases. Although the data may not pertain to the exact
same year for all countries, a complete and comparable decision matrix was
constructed in accordance with the principle of comparability.

After constructing the decision matrix, the Entropy method was
employed in the criterion weighting stage. The Entropy method enables the
calculation of objective weights by analyzing the level of uncertainty among
criteria, without requiring input or judgment from the decision-maker.
Unlike subjective methods such as the Analytic Hierarchy Process, the
Entropy method assigns weights directly based on the variability of the data,
which is why it is widely used in multi-criteria decision-making applications.

After the criterion weights presented in Table 1 were determined using
the Entropy method, the TOPSIS method was applied based on these
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weights to calculate the relative health performance of the countries. This
method identifies the best alternative as the one closest to the ideal solution
and farthest from the negative-ideal solution. Accordingly:

First, the decision matrix was normalized (Table 2),

Then, the normalized values were multiplied by the weights obtained
through the Entropy method to form the weighted normalized matrix
(Table 3),

Next, for each criterion, the positive ideal (best) and negative ideal
(worst) values were determined (Table 4),

The distances of each country from these ideal points were calculated,
and the closeness coefficients (C;) were computed using the resulting
values (Table 5),

Finally, the countries’ overall health system performance levels
were ranked based on their C; values, revealing their relative health
performance (Table 6).

Table 1. Criterion Weights Obtained Using the Entvopy Method

LEB IMR PhysD HospBeds CHE%GDP DTP3

0,002 0,474 0,197 0,179 0,133 0,015

Table 2. Normalization of the Decision Matrix

Countries LEB IMR PhysD  HospBeds CHE%GDP DTP3

Tiirkiye 0.33830 0.39930 0.23000 0.22320  0.15550 0.37590

Albania 0.34950 0.36420 0.19930 0.21720  0.25760 0.36830

Montenegro 0.34070 0.09210 0.29150 0.28440  0.45890 0.30760

Serbia 0.33470 0.19750 0.30110 0.39940  0.40600 0.35320
N. 0.33070 0.12290 0.31380 0.31500  0.32020 0.32660
Macedonia

Bosnia- 0.34180 0.23260 0.24590 0.17470  0.36650 0.27720
Herzegovina

Moldova 0.31260 0.59240 0.34450 0.42250 0.29250 0.33040
Georgia 0.32710 0.35100 0.59470 0.36880  0.30470 0.33420

Ukraine 0.32240 0.34230 0.31700 0.46730  0.34460 0.31520
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Table 3. Weighted Normalized Decision Matrix

Countries LEB IMR PhysD HospBeds CHE%GDP DTP3

Tirkiye 0.00068 0.18943 0.04536 0.03986  0.02070 0.00556
Albania 0.00070 0.17277 0.03930 0.03880  0.03429 0.00545
Montenegro 0.00068 0.04371 0.05749 0.05080  0.06108 0.00455
Serbia 0.00067 0.09367 0.05937 0.07133  0.05404 0.00523
N. 0.00066 0.05829 0.06188 0.05626  0.04262 0.00483
Macedonia

Bosnia- 0.00068 0.11033 0.04850 0.03120  0.04878 0.00410
Herzegovina

Moldova 0.00063 0.28102 0.06794 0.07546  0.03893 0.00489
Georgia 0.00065 0.16653 0.11727 0.06586  0.04055 0.00495

Ukraine 0.00064 0.16237 0.06250 0.08346  0.04587 0.00466

Tible 4. Positive and Negative Ideal Solutions

Ulke LEB IMR PhysD  HospBeds CHE%GDP DTP3
Positive A*  0.00070 0.04371 0.11727 0.08346  0.06108 0.00556
Negative A~ 0.00063 0.28102 0.03930 0.03120  0.02070 0.00410

Table 5. Distances of Countries to Positive and Negative Ideals and Closeness Coefficient

()

Countries s+ 5- c.

L L 14
Tirkiye 0.17300 0.09200 0.34800
Albania 0.16000 0.10900 0.40700
Montenegro 0.06800 0.24200 0.78000
Serbia 0.07800 0.19600 0.71500
N. Macedonia 0.06600 0.22600 0.77400
Bosnia-Herzegovina 0.11000 0.17300 0.61200
Moldova 0.24400 0.05600 0.18600
Georgia 0.12600 0.14400 0.53400

Ukraine 0.13200 0.13400 0.50500
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Table 6. Ranking of Countries Based on Closeness Coefficient

Rank Countries Closeness Coefficient (c,)
1 Montenegro 0.780
2 N. Macedonia 0.774
3 Serbia 0.715
4 Bosnia-Herzegovina 0.612
5 Georgia 0.534
6 Ukraine 0.505
7 Albania 0.407
8 Tiirkiye 0.348
9 Moldova 0.186

5. Conclusion and Recommendations

The integrated analysis model developed using the Entropy and TOPSIS
methods has provided a multidimensional and objective evaluation of the
health system performances of European Union candidate countries. In
the resulting ranking, Montenegro, North Macedonia, and Serbia occupied
the top three positions, while Tirkiye was ranked eighth, and Moldova
demonstrated the lowest performance. Tiirkiye’s low ranking highlights
significant shortcomings in terms of health infrastructure, service delivery
capacity, and resource management. Particularly, low physician and hospital
bed density, limited health expenditures, and a high infant mortality rate
are identified as key weaknesses. On the other hand, Tirkiye’s high DTP3
immunization coverage and relatively favorable life expectancy compared to
some other countries are considered strengths.

To close the performance gap in Tirkiye’s health system, it is essential
to first ensure the effective planning and management of resources. Health
workforce recruitment should be increased and medical education capacity
expanded to balance the growing workload. Infrastructure deficiencies
in rural areas must be addressed, and regional inequalities in access to
healthcare should be reduced. Financially, the share of health expenditures
in GDP should be increased, with a focus on directing resources toward
primary care and preventive services. To lower infant mortality rates, the
quality of perinatal care must be improved, and digital monitoring systems
should be more widely implemented. In the context of EU harmonization,
the integration of digital health systems should be accelerated, and resilience
indicators should be aligned with EU standards. Additionally, cooperation
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with high-performing countries such as Montenegro and North Macedonia
should be pursued to develop joint projects in areas such as health technology
and workforce training.

The primary limitation of this study stems from the lack of complete
data synchronization across countries, which resulted in some indicators
reflecting different years. Additionally, the limited number of criteria
included in the model and the exclusion of qualitative data—such as quality
of healthcare services or patient satisfaction—have narrowed the scope of the
evaluation. Future research should consider integrating environmental and
socioeconomic factors that influence health systems, such as air pollution
and income inequality. To test the model’s robustness under uncertainty,
sensitivity analyses using methods like Fuzzy TOPSIS or Grey Relational
Analysis may also be employed. Particularly in the post-COVID-19 era,
examining the resilience performance of health systems within the same
methodological framework would contribute meaningfully to the literature.
In conclusion, this study objectively identifies Tiirkiye’s position among EU
candidate countries and offers a scientific foundation for decision-makers
in restructuring health policies, planning infrastructure investments, and
allocating resources.
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Bolum 4

Miisteri Memnuniyetinin Makine Ogrenmesi
Teknikleriyle Degerlendirilmesi : Bibliyometrik
Analiz

Sezin Oztiirk Usun’
Mehmet Caglar?

Ozet

Bu galiyma miisteri memnuniyeti ve makine 6grenmesi alanlarinda yiiriitiilen
akademik ¢ahiymalari sistematik bir sekilde bibliyometrik analiz yontemiyle
incelemeyi amaglamaktadir. Web of Science (WOS) veri tabanindan elde
edilen bilimsel yayinlar ‘miigteri memnuniyeti’ ve ‘makine 6grenmesi’ anahtar
kelimeleri kullanlarak taranmustir. Inceleme kapsaminda 2025 yilina kadar
olan tiim bilimsel ¢aliymalar dikkate alinmigtir.

Elde edilen bilimsel ¢aligmalarmn yillara gore niceliksel dagilimi, ¢alismalar
yiriiten kurumlar ve tilkeler; en fazla atf alan makaleler ve sik kullanilan
anahtar kelimeler detayli bir analiz ile degerlendirilmistir. Elde edilen
bulgular neticesinde, miigteri memnuniyeti degerlendirmesi alaninda makine
ogrenmesi tekniklerinin kullaniminin 6zellikle son yillarda artig gosterdigi
soylenebilmektedir.

Smiflandirma, optimizasyon, dogal dil isleme, metin madenciligi gibi
problemlerde sentiment analizi, derin 6grenme, rasgele orman, yapay sinir
aglar1 gibi algoritmalarin siklikla tercih edildigi tespit edilmistir. Bu teknikler
en ¢ok miisteri sikayetlerinin siniflandirilmasi, yorumlarin sentiment analizi
ve tiiketici davranigi tahmini gibi alanlarda kullanildigr séylenebilir.

Bu ¢aliymada gergeklestirilen bibliyometrik analiz ile ilgili alanin mevcut
durumu kapsaml bir gekilde ortaya konmaya galisilmustir. Ayrica, gelecekte
yapilacak olan aragtirmalar igin potansiyel yonelimleri de igaret etmektedir.
Bu yoni ile ¢aligma hem arasurmacilar hem de uygulayicilarin veri temelli
kararlar almas noktasinda referans niteligi tagimaktadir.

1 Ara§t1rma Gorevlisi, Yildiz Teknik Universitesi, Iktisadi ve Idari Bilimler Fakiiltesi, i§letme Bolimii,
Istanbul, Tiirkiye, sezin.ozturk@yildiz.edu.tr, ORCID: orcid.org/0000-0001-5005-3002

2  Dr (“)grc_tim Uyesi, Yildiz Teknik Universitesi, Tktisadi ve Idari Bilimler Fakiiltesi, Tsletme
Boliimii, Istanbul, Tiirkiye, mcaglar@yildiz.edu.tr, ORCID: orcid.org/0000-0002-6859-8972
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1. Girig

Miigteri memnuniyeti, bir iiriin veya hizmetin beklentileri kargilayip
karsilamadigina dair tiiketicinin yargist olarak tanimlanmaktadir (Gupta &
Zeithaml, 2006). Cok boyutlu bir kavram olan miigteri memnuniyeti farkl
amaglarla  degerlendirilebilmektedir. Ornegin, miisteri memnuniyetinin
Ol¢iilmesi ve analiz edilmesi, bir girketin miisteri beklentilerini ne derece
kargiladigin1 gosteren finansal olmayan bir performans gostergesi olarak
islev gorebilir (Ittner & Larcker, 1998; Neely vd., 2005; Parmenter, 2015;
Akdere & Egan, 2020). Bu degerlendirme mevcut memnuniyet diizeyinin
belirlenmesinin yani sira, iyilegtirilmesi gereken hizmet noktalarinin ortaya
¢ikarilmasina da yardimer olmaktadir. Boylece strateji gelistirenler igin etkin
kaynak kullanimi saglayarak daha hedefe yonelik iyilestirmeler yapilmasini
saglar (Mihelis vd., 2001). Ozellikle rekabetin yogun oldugu pazarlarda,
mevcut miigterileri elde tutmak ve yeni miisteriler kazanmak adina 6nemli
bir aragtir (Kotler & Armstrong, 2012; Bhat & Darzi, 2016; Aityassine,
2022; Negassa & Japee, 2023). Miigteri memnuniyetinin artirilmasi ile
birlikte miigteri sadakatinin gelismesi, sikayet oranlarinin diigmesi, sirket
imajinin  gliglenmesi ve finansal performansin iyilesmesi gibi olumlu
sonuglar da ortaya ¢ikmaktadir (Otto vd., 2020; Hallencreutz & Parmler,
2021). Kisacasi, miisteri memnuniyeti yalnizca bir memnuniyet diizeyi
gostergesi degil, ayn1 zamanda stratejik karar alma siireglerinde 6nemli bir
aragtir. Bu kavramin etkin yonetimi hem miisteri bagliligin1 hem de igletme
performansini dogrudan etkileyen kritik bir faktordiir.

Makine 6grenimi teknikleriyle miisteri memnuniyetini degerlendirmek,
gesitli  sektorlerde miigteri deneyimini iyilestirmek amaciyla geligmig
algoritmalar ve veri odakli yontemlerin kullanilmasini igerir. Sirketler bu
teknolojileri giderek daha fazla benimsedikge miisteri tercihleri, davraniglart
ve duygular1 hakkinda daha derin iggoriiler elde edebilmektedirler. Bu sayede
genel memnuniyeti artiran kigisellestirilmis hizmetler sunulabilmektedir
(Rahman, 2024; Singh & Agrawal, 2018). Konunun 6nemi, igletmelerin
miisterileriyle kurdugu etkilesim bigimlerini koklii bir sekilde doniistiirme
potansiyelinde yatmaktadir. Bu da miisteri sadakati ve elde tutma oranlarinin
artmasina katki saglamaktadir (Singh vd., 2020). Genel olarak makine
Ogrenimiyle miisteri memnuniyetinin degerlendirilmesi yalnizca miigteri
ihtiyaglarinin daha iyi anlagilmasini saglamakla kalmaz, ayni zamanda ig
stratejilerinde Onemli bir doniisiim yaratarak operasyonel verimliligi de
artirir (Badhan vd., 2022; Wahab vd., 2024).

Bu baglamda miigteri memnuniyeti ve makine 6grenmesi uygulamalari
lizerine yiriitiilen bilimsel ¢aligmalart sistematik bir gekilde inceleyerek
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mevcut literatiiriin  yapisim1 ve literatiirdeki bogluklar1 ortaya koymak
amaglanmaktadir. Bibliyometrik analiz araciligiyla yapilan bu degerlendirme
ile s6z konusu alandaki bilimsel iiretimin egilimini gozler 6niine sermistir.
Hizmet sektorii igin oldukga kritik bir konu olan miigteri memnuniyetinin
giiniimiiziin veri odakh yaklagimlar ile nasil degerlendirildigini gozlemlemek
gelecek galigmalar i¢in 6nem arz etmektedir. Ayrica makine Ogrenmesi
tekniklerinin miigteri deneyimini analiz etmede artan rolii goz oniinde
bulunduruldugunda bu ¢aligma ile alanin mevecut durumuna iligkin biitiinciil
bir bakig sunulmustur.

2. Yontem

Bibliyometrik analiz, WoS veya Scopus veri tabani olsun, akademik
yaymlarin giktilar1 tizerinde belirli bir alandaki evrensel aragtirma egilimlerini
anlamlandirmak igin bir tiir aragtirma yaklasgimidir (Alsharif v.d., 2020).

Bu galigma, makine 6grenimi algoritmalarinin miisteri memnuniyetiyle
ilgili akademik aragtirmalarda nasil kullanildigini incelemek igin bibliyometrik
bir analiz yiiriitmektedir. Bu amagla, 30 Mayis 2025’te Web of Science
(WoS) veritabaninda “tiim alanlar” kategorisinde “miisteri memnuniyeti”
ve “makine 6grenimi” anahtar sozciikleri kullanilarak bir arama yapilmustir.
Yayin baglangi¢ tarihiyle ilgili herhangi bir kisitlama uygulanmamustir.
Sonug olarak, 564 ilgili galigma belirlenmis ve veri seti daha sonra analiz igin
diga aktarilmigtir. Tiim veri seti bibliyometrik analiz teknikleri kullanilarak
incelenmistir. Bu amagla, Aria ve Cuccurullo (2017) tarafindan geligtirilen
Bibliometrix paketinin bir pargasi olan Biblioshiny arayiizii RStudio
ortaminda kullanilmugtir.

3. Analiz ve Sonuglar

Bu boliimde, WoS veri tabanindan alinan 564 ¢alismadan olugan veri
setindeki ¢aligmalar iizerinde bibliyometrik analiz gergeklestirilmigtir. Analiz
sonuglar1 ve yorumlari sunulmustur.
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3.1. Tanimlayic1 analiz: Yayinlarin gelisimi

140

124

120

100

80

Calisma

60

40

20
100200103%1222¢32
[] ——— .

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025
Yil

Sekil 1. Zaman Igindeki Yillik Bilimsel Calismalar

Sekil 1, 1997°den gliniimiize kadar miisteri memnuniyetinde makine
ogrenmesi algoritmalart kullanimi iizerine yapilmig bilimsel yayinlarin
sayisini vermektedir. Genel olarak, yaym yili dagilimi artan bir egilim
gostermektedir. Yayin sayilarinda, 1997-2013 yillar1 arasinda yer yer artma
ve azalma egilimi gozlemlenirken 2013’ten 2022’ye kadar belirgin bir artig
izlemigtir. Bu alandaki aragtirma sayis1 2024 yilinda 124 caligma ile tepe
noktasina ulagmugtir.

Tablo 1. Calismalarmn Tiiviine Gore Dagjlumlar:

Calisma Tiirii Caligsma Sayisi Yiizdeligi
Makale 351 %062,2

Bildiri 182 %32,3

Inceleme 29 %5,1

Kitap Boliimii 2 %0,35

Tablo 1, veri setindeki yayinlarin kategori bazinda simiflandirilmasina
odaklanmaktadir. Yayinlanan ¢aligmalarin %62,2%si ile en fazla sayisinin
makale kategorisinde, ikinci olarak %32,3(iniin bildiri kategorisinde oldugu
ortaya konmaktadir. Inceleme ve kitap boliimii kategorisinde ise, %5,36
olmak tizere az sayida galigma yaymnlanmugtir.
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Sekil 2. Zaman Iginde One Cikan Dergiler

En etkili dergilerin genel bir goriiniimiinii saglamak igin, Sekil 2°de ilk on
dergi listelenmektedir. Bu dergiler arasinda 20 adet ¢aligma ile IEEE Access
agik ara ilgili alanda en gok yaymn bulunan dergidir; 6ne ¢ikan dergilerdeki
toplam yayinlarin yaklagik %26’sin1 temsil etmektedir.

3.2. I birligi analizi: kurumlar ve iilkeler
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Sekil 3’te, ilgili konuda yayin yapan yazarlarin iilkelerine gore bir grafik
olugturulmustur. Grafikteki koyu gri renk tek tilke yaym (TUY)’n1, agik gri
renk ise birden fazla tilke yayimm (BFUY)n1 temsil etmektedir. Elde edilen
bulgulara gore; bu alanda en fazla yayinin Hindistan’da (TUY:73, BEFUY:9)
yapildig1, bunu Cin’in (TUY:63, BFUY:17) takip ettigi goriilmektedir. Tlgili
konuda en ¢ok yayin yapilan tigiincii tilke ise 47 adet sadece tek tilke yayini ve
20 adet birden fazla iilke yayini ile Amerika Birlesik Devletleri’dir (TUY:47,
BFUY:20). Ayrica bu konuda en ¢ok yayin yapan ilk 20 iilke listesinde 13
adet tek iilke yaymniyla Tiirkiye’nin de bulundugu tespit edilmistir (TUY:13,
BFUY:0).
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Sekil 4. Konu ile Ilgili Alana Katkwda Bulunan Kurumlar

Sekil 4, en yiiksek yayin ¢iktisina sahip ilk yirmi kurumu gostermektedir.
Listenin baginda Malezya’daki Sains Malezya Universitesi 17 yaymna katkida
bulunmaktadir. Tkinci sirada, 14 yaymla Cin’deki Tsinghua Universitesi
ve tliglincii sirada 11 yayinla Amerika Birlesik Devletlerindeki Illinois
Universitesi takip etmektedir. Ozellikle, iilke siralamasinda Cin’in ikinci
siradaki konumunu yansitan {i¢ Cin itiniversitesi de en etkili kurumlar
arasinda temsil edilmektedir. Yine iilke siralamasindaki yerlerini dogrular
nitelikte iki adet Amerika Birlesik Devletleri ve dort Suudi adet Arabistan
tniversiteleri de en etkili kurumlar arasindadir. Ayrica, Akdeniz Universitesi,
Istanbul Teknik Universitesi ve Sakarya Universitesi olmak iizere, en etkili

kurumlar listesinde toplam 22 yayinla Tiirkiye’deki ti¢ adet devlet tiniversitesi
bulunmaktadir.
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3.3. Ortak Kelime Analizi ile Kritik Odaklarin Tespiti
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Sekil 5. En Ilgili Kelimeler

Sekil 5, veri kiimesinde tanimlanan en yaygin yazar anahtar kelimelerini
sunmaktadir. Gorsellestirmenin analitik biitiinliigiinii korumak igin, hem
bir arama parametresi hem de galigmanin merkezi temasi olarak “customer
satisfaction” ve “machine learning” anahtar kelimeleri hari¢ tutulmustur. Ek
olarak, anlamsal tekrar1 6nlemek icin kelimeler ayr1 ayr1 olarak da listeden
kaldirilmugtir. Sonuglar incelendiginde, en sik goriilen anahtar kelimelerin
“duygu analizi”, “derin 6grenme” ve “yapay zeka” oldugu goriilmektedir.
Ayrica, listedeki diger anahtar kelimelerin de daha ¢ok makine 6grenmesi
ile iliski kelimeler oldugu dikkat ¢ekmektedir. Anahtar kelime sikliginin
tamamlayici bir gorsel temsili, Sekil 6’daki kelime bulutu araciligiyla
saglanmaktadir.
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Sekil 7. Trend Konular

Sekil 7, 2017°den 2025% kadar trend konularin gelisimini ve egilimini
gostermek i¢in anahtar kelimelerin zaman ¢izelgesi gOriiniimiinii
gostermektedir. Ozellikle, 2017 ile 2020 arasinda daha cok ‘goriis
madencilig?’, ‘twitter, ‘metin stniflandirma’, ‘sosyal medya’ ve veri madenciligi’
konularina odaklanilmigtir. 2020 ile 2024 yillar1 arasindaki ¢aligmalarda
‘dogal dil igleme’, ‘biiyiik vert’, ‘telekominikasyon’, ve ‘metin madenciligi’
kelimelerine daha fazla dikkat gekilmigtir. ‘Regresyon’, ‘dogal dil isleme’ ve
‘duygu analizi’ anahtar kelimeleri en ¢ok 2021 yilinda ortaya ¢ikmugtir. Son
ti¢ yilda yayinlarda ‘derin 6grenme’, ‘tahmin’, ‘e-ticaret’, ‘metin madenciligi’
ve ‘servis kalitesi’ gibi anahtar kelimelerin kullanimi tercih edilmigtir. Bu
nedenle dergideki yayinlarin anahtar kelimeleri zaman iginde genel anlamda
degismistir.

3.4. Bibliyografik Baglant1 Aglarinin Analizi
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Sekil 8, yayinlarin anahtar kelime eg-gegis agin1 gostermektedir. Her bir
diigiim bir anahtar kelimeyi temsil edip diigiim ne kadar biiyiikse, anahtar
kelimenin o kadar ¢ok atifi olmaktadir. Farkli renk gruplarindan olugan 7 adet
kiime bulunmaktadir. Daha spesifik olmak gerekirse, en biiyiik kiime olan
yesil kiimede ‘duygu analizr’, ‘yapay zeka’, ‘veri madenciligi’ ve ‘e-ticaret’ gibi
anahtar kelimeler yer alir; kirmizi kiimede ‘regresyon’, ‘tahmin’ ve ‘miisteri
davranis’ 6ne ¢ikar; mor kiimede ‘kiimeleme’ ve ‘siniflandirma’ bulunur;
mavi kiimede ‘sinir aglarr’, ‘yapay’ ve ‘zeka’ etiketlenir; pembe kiimede
‘tedarik zinciri’ ve ‘performans’ 6ne gikar; sar1 kiimede ‘dogruluk’, ‘kalite’ ve
‘servis’ yer alir; kahverengi kiimede ‘biiyiik veri’ ve ‘optimizasyon’ vurgulanur.

3.5. Alint1 Analizi: Ana Makaleler ve Yazarlar

Veri setinde yer alan yaymlar toplam atif sayilarina gore siralanmug olup,
en ¢ok atif alan on galiyma Tablo 2’de sunulmustur. Ahani, A., Nilashi, M.,
ve Sanzogni, L.’nin iki adet ¢aligmalarinin listede bulundugu goriilmektedir.

Yazar(lar) Baglik Anahtar Kelimeler ~ Yil Dergi Atf
Sayis1
Soleymani, M., A survey of Sentiment, Affect, 2017 Image and Vision 326
Garein, D., Jou, — multimodal sentiment  Sentiment analysis, Computing
B., Schuller, B.,  analysis Human behavior
Chany, S. E, & analysis, Computer
Pantic, M. vision, Affective
computing
Yadollahi, A., Current State of Text  Emotion detection, 2017 ACM Computing 267
Shabraki, A. G.,  Sentiment Analysis  Text mining, Polarity Surveys
& Zmiane, O. R.  from Opinion to classification, Opinion
Emotion Mining mining, Sentiment
analysis, Data
mining, Machine
learning
Mustak, M., Avrtificial intelligence  Marketing, Avtificial 2021 Journal of Business 233
Salminen, J., Plé, in marketing: intelligence, Al Research
L., & Wirtz, . Topic modelinyg, Natural Language
scientometric analysis, Processing, Biy Data,
and vesearch agendn  Digital
Raygini, J. R., Big data analytics Big data, Disaster 2018  International 227
Anand, P R., & for disaster vesponse management, Journal of
Bhaskar, V. and recovery throwgh — Natural language Information
sentiment analysis processing, Sentiment Management

analysis, Text
classification, Social
medin analysis
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Mozer, M. C., Predicting subscriber — Boosting, Churn, 2000 IEEE Tiransactions 199
Wolniewicz, R.,  dissatisfiction and Customer satisfaction, on neural networks
Grimes, D. B., improving rvetention  Decision trees, Logistic
Johnson, E., & n the wireless regression, Prediction,
Kaushansky, H.  telecommunications — Profit maximization,
industry Retention,
Telecommunications,
Wireless industry
Mutkherjee, A Survey of Robot Human-Robot 2022 Robotics and 170
D., Gupta, K., Learming Strategies  Collaboration, Computer-
Chany, L. H., & for Human-Robot Human-Robot Integrated
Najjaran, H. Collaboration in Interaction, Artificial Manufacturing
Industvial Settings Intelligence,
Machine Learning,
Adaptive Industrial
Robotics, Multimodal
Communication
Ahani, A., Market segmentation — Spa hotels, Market 2019 International 159
Nilashi, M., and travel choice segmentation, Journal of
Tbrahim, O., prediction in Spa hotels Traveller prefevence, Hospitality
Sanzogni, L., & through TiipAdvisor’s  Online veview, Social Management
Weaven, S. online reviews biy data, TiipAdvisor,
Machine learning
Jain, P K., A systematic literature  Machine Learning, 2021 Computer science 157
Poamula, R., & veview on machine Online reviews, review
Srivastava, G. learning applications  Sentiment analysis,
for consumer sentiment Fake veview,
analysis using online  Recommendation
reviews prediction, Hospitality
and tourism
Abani, A., Revealing customers’  Customer satisfaction, 2019 Journal of 152
Nilashi, M., satisfaction and Preferences analysis, Retailing and
Yadegaridehkovds, preferences through Online reviews, Hotel, Consumer Services
E., Sanzogni, online veview analysis:  Market segmentation,
L., Tawik, A. R.,  The case of Canary Canary islands,
Knox, K., ... & Islands hotels Multi-criterin
Ibradim, O. decision making,
Machine learning
Cho, S., Asfour;  Tool breakage detection Tool breakage 2005  International 136
S., Onan A., & using support vector  detection, Multiple Journal of
Kaundinya, N.  machine learning in a sensors, Support vector Machine Tools and
milling process machine Manufocture

4. Sonug

Miisteri memnuniyeti ve makine 6grenmesi temali literatiir bibliyometrik
analiz yontemiyle ele alinmigtir. Alandaki akademik egilimler, 6ne ¢ikan
kurum ve dergiler, sik kullanilan anahtar kelimeler degerlendirilmistir. Elde
edilen bulgular dahilinde, bu alanda yapilan ¢aligmalarin 6zellikle son yillarda
oldukga fazla oldugu goriilmiistiir. Makine 6grenmesi tekniklerinin miisteri
memnuniyetinin degerlendirilmesi noktasinda literatiirde giderek daha
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fazla yer bulmaktadir. Yazar anahtar kelimeleri kullanilarak veri kiimesinde
en sik tekrar eden anahtar kelimeler kelime bulutu ile gorsellestirilmig ve
caligmalardaki 6nemli noktalar tespit edilmistir. Ozellikle sentiment analizi,
dogal dil isleme ve derin 6grenme gibi alt baglklarin 6n plana ¢kt
goriilmektedir. Ayrica, ilgili anahtar kelimeler ile bu alandaki trend konular
belirlenerek veri kiimelemesi aracihiiyla terimler arasinda bibliyografik
baglant1 haritasi olugturulmugtur. Burada hangi anahtar kelimelerin birlikte
ele alindig agik¢a gortilmektedir. Son olarak, atif analizi ile en sik atf alan
on yayin listelenmistir.

Yapilan analiz sonucunda, miisteri memnuniyetinin degerlendirilmesi
noktasinda makine 6grenmesi yontemlerinin sadece teknik bir arag olarak
kullanimi degil, tiiketici davraniglarini anlamlandirmak igin de bir bilegen
olarak kullamldig1 goriilmektedir. Literatiirdeki degisim, bu alanda yeni
aragtirma firsatlarinin ve metodolojik yaklagimlarin gelismekte oldugunu
gostermektedir. Bu yoniiyle ¢aligma, literatiirdeki mevcut bosluklar1 ve
gelisim alanlarim belirlemeye katki saglamanmn yani sira yapilacak olan
aragtirmalar igin yonlendirici bir gergeve sunmaktadir.
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Bolum 5

Cok Kriterli Karar Verme ve Makine Ogrenmesi:
Entegrasyon ve Uygulamalar

Miizeyyen Ozhavzali!

Ozet

Giinlimiizde karar verme stiregleri, ¢ok sayida alternatif ve ¢eliskili kriterlerin
varligr nedeniyle karmagiklagmgtir. Cok Kriterli Karar Verme (CKKYV)
yontemleri, bu tiir problemleri sistematik ve matematiksel yaklagimlarla
¢ozmeyi saglar. Ancak, artan veri hacmi ve karmagik yapi, klasik CKKV
yontemlerinin sinirlarini zorlamaktadir. Makine Ogrenmesi (MO) ise veriden
ogrenme yetenegiyle, karar destek sistemlerinde 6nemli avantajlar sunmaktadr.
Makina 6grenme dilleri arasinda yer alan denetimli, denetimsiz ve pekistirmeli
ogrenme yontemleri, kriter agirliklandirma, alternatif siniflandirma ve
dinamik karar modellerinde kullanilarak CKKYV  yontemleriyle hibrit
yaklagimlar gelistirilmigtir. Bu birlesim hem karar siirecinin agiklanabilirligini
artirmakta hem de veri tabanl adaptif karar mekanizmalar1 saglamaktadir.
Ayrica, model agiklanabilirligi ve etik karar verme konusu, giiniimiizdeki
aragtirmalarin - 6nemli  odak noktalarindandir.  Bu ¢ahiyma, CKKV
yontemleriyle MO yontemlerinin entegrasyonunu kuramsal ve uygulamali
bir ¢ergevede ele alarak, karmagik karar problemlerine yonelik daha esnek,
veri odakli ve agiklanabilir ¢6ziimler sunmayr amaglamaktadir. Geleneksel
CKKYV yontemleri, yapilandirilmig karar siirecleri olusturmada giiglii araglar
sunarken; dinamik, biiyiik ve belirsiz veri ortamlarinda yetersiz kalmaktadir.
MO algoritmalari, gegmis verilere dayanarak karar fonksiyonlarini 6grenebilir,
kriter agirliklarini otomatik olarak ¢ikarabilir ve alternatifleri siniflandirabilir.
Bu baglamda, denetimli, denetimsiz ve pekistirmeli 6grenme tiirleri karar
sireglerine farkli katkilar saglamaktadir. Uygulamali 6rnek olarak, tedarikgi
seciminde Random Forest siuflandiricisi ve SMOTE kullanilarak, azinlik
siniflarin bagarryla tahmin edilebildigi ve model dogrulugunun %15 oraninda
arttig1 gosterilmistir. Ayrica agiklanabilir yapay zeka (XAI) tekniklerinin, geffaf
ve etik karar sistemlerinin gelistirilmesinde rolii vurgulanmaktadir. Sonug
olarak, CKKV ve MO’niin birlesimi, karar destek sistemlerini daha giivenilir,
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cevik ve kullanic1 dostu hale getirme potansiyeli tasimakta; aciklanabilirlik,
etik ve yasal uyumluluk gibi alanlarda ise ileri aragtirmalarin gerekliligini
ortaya koymaktadir.

1. Giris

Karmagik karar verme problemleri, 6zellikle gok sayida alternatif ve
geligkili kriterin bulundugu durumlarda, geleneksel sezgisel yaklagimlarla
yonetilemez hale gelmigtir. Giiniimiiz i diinyas1 ve kamu yonetiminde,
biiyiik veri kaynaklarinin artmasiyla birlikte nicel ve analitik karar destek
sistemlerine olan ihtiyag derinlesmistir (Delen & Zolbanin, 2018). Ozellikle
karar vericilerin hem niteliksel hem niceliksel faktorleri degerlendirildigi
CKKYV problemleri, matematiksel modelleme teknikleri ile daha rasyonel
¢oziimler sunmaktadir (Zopounidis & Doumpos, 2002).

Giiniimiiziin belirsizliklerle dolu tedarik zinciri, enerji yonetimi ve stratejik
planlama gibi alanlarinda karar vericilerin ¢oklu ve ¢ogu zaman celigen
kriterleri dengelemesi gerekmektedir. Bu tiir karmagik karar durumlar igin
CKKYV yontemleri, karar siirecini sistematiklegtirerek alternatiflerin nesnel
bicimde degerlendirilmesini saglar. Agirhklandirma, siralama, kiyaslama
gibi yapilandirilmig adimlar sayesinde karar verme stiregleri daha rasyonel ve
tekrar edilebilir hale gelir (Saaty, 1980).

Makine Ogrenmesi ise veriye dayali Oriintii tanima, siiflandirma ve
tahminleme yetenekleriyle son yillarda karar destek sistemlerinin 6nemli
bir bileseni haline gelmistir. Geleneksel karar yontemlerinden farkli olarak,
makine O6grenmesi algoritmalar1 gegmig verilere dayanarak 6grenir ve bu
Ogrenme siireci sayesinde gelecege yonelik 6ngoriilerde bulunabilir (Bishop,
2006). Ozellikle biiyiik, dinamik ve yapisal olmayan veri kaynaklarinin
analizinde makine 6grenmesi giiglii bir aragtir.

CKKV yontemleri, karar siirecini sistematiklestirirken; MO ise veriden
ogrenerek gelecege yonelik tahminleme ve siiflandirma yetenegi saglar
(Bishop, 2006). Bu iki alanin birlegimi, yalnizca statik verilerle degil, degisen
gevresel kogullarla da basga gikabilen hibrit modellerin gelistirilmesine zemin
hazirlamaktadir (Tsai & Hsu, 2013). Ornegin, tedarikgi seciminde hem
AHP gibi yapisal CKKV yontemleriyle kriter agirliklar: belirlenebilir hem
de ge¢mis performans verilerinden makine 6grenmesi algoritmalarryla
siniflandirma yapilarak daha dinamik kararlar alinabilir.

Bu hibrit yaklagim, karar verme siirecini daha esnek, veri odakli ve ¢evresel
degisimlere duyarl: hale getirir. Ayrica, SHAP gibi agiklanabilirlik araglarryla
makine 6grenmesi modellerinin i¢ karar mekanizmalar1 da ortaya konularak
hem geffaflik saglanmakta hem de kullanici giiveni artiriimaktadir (Lundberg
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& Lee, 2017). Dolayisiyla, CKKV ve MO’niin entegrasyonu yalnizca
teknik bagar1 degil, ayn1 zamanda agiklanabilir ve etik karar sistemlerinin
gelistirilmesi agisindan da 6nemlidir.

Makine 6grenmesinin veri temelli 6grenme becerisi, karar vericinin
ge¢mis karar oriintiilerinden yola ¢ikarak benzer durumlarda hangi kararin
daha uygun oldugunu belirleyebilmesine olanak tanir (Quinlan, 1993). Ote
yandan, CKKYV yontemlerin avantaji, karar siirecinin geffaf, hesap verebilir
ve metodolojik olarak izlenebilir olmasidir (Saaty, 1980; Hwang & Yoon,
1981).

Son yillarda denetimli 6grenme algoritmalar1 (Random Forest, SVM),
denetimsiz yontemler (K-means, PCA) ve pekigtirmeli 6grenme algoritmalari
(Q-learning, DQN) gibi farkli MO tekniklerinin CKKV cergevesine
entegrasyonu biiyiik ilgi gormektedir (LeCun et al., 2015). Ancak, etik
sorunlar, modelin yorumlanabilirligi ve karar siirecinin agiklanabilirligi gibi
konular da 6nem kazanmistir (Ribeiro et al., 2016; Vellido et al., 2012).

Bu boliimde, CKKV ve MO yaklagimlarinin birlesik kullanimi kuramsal
bir gergevede ele alinmakta; farkli yontemlerin avantajlari, entegrasyon
stratejileri ve uygulamali 6rnekler tizerinden tartigilmaktadir. Ayrica, derin
ogrenme, model yorumlanabilirligi ve etik karar yapilar1 gibi giincel konulara

da deginilmektedir (Kahneman, 2011; Rawls, 1971; Shapley, 1953).

2. CKKYV Yontemleri: Genel Bakisg

CKKYV, birden fazla geligkili kriter altinda karar verilmesi gereken durumlar
igin geligtirilmis matematiksel ve sistematik yOntemlerin genel adidir
(Zopounidis & Doumpos, 2002). Bu yontemler, karar vericinin tercihlerini
formalize ederek alternatiflerin siralamasini veya simiflandirmasini saglar.

2.1 CKKYV Yontemleri: Klasikten Moderne Bir Bakisg

Analitik Hiyerarsi Siireci (AHP), Thomas L. Saaty tarafindan
gelistirilen bir karar verme yontemidir ve karar problemlerini hiyerarsik
yapiya doniigtiirerek ¢ozmeyi amaglar. AHP, karar vericilerin tercihlerini ikili
kargilagtirmalar yoluyla belirleyerek, her bir kriterin goreli nemini hesaplar.
Bu sayede, niteliksel uzman gortigleri sayisal verilere dontigtiiriilerek karar
stirecine dahil edilebilir (Saaty, 1980). Yontemin en Onemli avantaji,
kullanict dostu olmasi ve karar vericilerin biligsel yapisina uygun bir
degerlendirme siireci sunmasidir. Ancak, ikili kargilagtirmalarda kullanilan
oznel degerlendirmeler ve tutarlilik sorunlari, Ozellikle biiyiik boyutlu
problemlerde yontemin dogrulugunu etkileyebilir. Ayrica, AHP gogunlukla
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statik bir yapiya sahiptir; dolayisiyla dinamik ve veri yogun ortamlarda
esnekligi sinirh olabilir.

TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) yontemi, Hwang ve Yoon (1981) tarafindan gelistirilmistir. Bu
yontem, ideal ve anti-ideal ¢oziimlerle alternatiflerin arasindaki geometrik
uzakliklar1 dikkate alarak, en iyi alternatifin ideal ¢oziime en yakin ve
anti-ideale en uzak olan olarak segilmesini saglar. TOPSIS’in en 6nemli
katkilarindan biri, karar problemlerini nicel olarak ele alabilmesi ve oldukga
sistematik bir siralama mekanizmasi sunmasidir (Hwang & Yoon, 1981).
Bununla birlikte, kriterler arasindaki korelasyonlarin dikkate alinmamasi
ve agirhklandirma siirecindeki dengesizlikler, yontemin performansini
zayiflatabilir. Ozellikle yiiksek boyutlu veya yiiksek oranda iligkilendirilmis
kriterlere sahip modellerde, sonuglar karar vericiyi yaniltabilir.

VIKOR (VlseKriterijumska Optimizacija I Kompromisno Resenje)
yontemi, geligkili kriterler altinda uzlagmaya dayali ¢oziimler tretmeyi
hedefleyen bir yontemdir. Opricovic ve Tzeng (2004 ) tarafindan gelistirilen
bu yaklagim hem grup kararlarin1 hem de bireysel tercihleri dengeleyerek,
karar vericilerin en iyi ¢oziim konusunda uzlagmalarini saglar. VIKOR
yontemi, ideal ¢oziime yakinlk ile en kotii duruma olan uzaklig: birlikte
degerlendirerek alternatiflerin siralamasini olusturur (Opricovic & Tzeng,
2004). Bu yontem Ozellikle sosyal bilimler, kamu politikast ve miithendislik
gibi disiplinlerde ¢eligkili kriterlerin oldugu durumlarda etkili ¢6ziimler
sunar. Ancak karar vericilerin tercih ettigi uzlagma diizeyi (Ornegin, strateji
katsayis1 “v”) sonuglar iizerinde dogrudan etkili oldugundan, sonuglarin
hassasiyet analizi ile desteklenmesi 6nerilir.

PROMETHEE (Preference Ranking Organization Method for
Enrichment Evaluations), tercih fonksiyonlarina dayali bir siralama
yontemidir. Brans ve Mareschal (2005) tarafindan gelistirilen bu yaklagim,
her bir alternatifin digerlerine gore tstiinliigiinii (pozitif ve negatif akig
degerleri) hesaplayarak, bir siralama ortaya koyar. PROMETHEE, 6zellikle
GAIA diizlemi gibi grafiksel araglarla desteklenerek karar vericilerin modeli
daha iyi anlamalarim saglar (Brans & Mareschal, 2005). Bu yontem,
karar vericilerin subjektif tercihlerini dogrudan modele entegre edebildigi
igin esnek bir yapr sunar. Bununla birlikte, tercih fonksiyonlarinin dogru
tanimlanmasi, yontemin bagarisi agisindan kritik 6neme sahiptir; yanlg veya
eksik tanimlanan tercihler, siralamanin anlamhiligini zayiflatabilir.
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2.2 Giincel ve Modern CKKYV Yontemleri:

BWM (Best-Worst Method), CKKYV alaninda Rezaei (2015) tarafindan
geligtirilen yenilik¢i ve etkin bir karar verme yontemidir. Bu yontem,
geleneksel ikili kargilagtirma temelli yontemlerde (6rnegin AHP) karsilagilan
kargilastirma yiikiinii azaltarak karar vericilere daha yalin ve tutarli bir
degerlendirme siireci sunar. BWM’in temel mantigy, karar vericiden 6ncelikle
problemde yer alan kriterler arasindan en 6nemli (best) ve en Onemsiz
(worst) olan kriterleri belirlemesini istemektir. Ardindan, karar vericiden en
iyi kriterin diger tiim kriterlere gore ne derece daha 6nemli oldugunu ve
ayni gekilde, diger tiim kriterlerin en kotii kritere gore ne derece daha 6nemli
oldugunu degerlendirmesi beklenir (Rezaei, 2015).

Bu degerlendirmeler sonucunda bir optimizasyon modeli kurularak
kriter agirliklar1 hesaplanir. Buradaki temel avantaj, karar vericinin tiim
kriter ¢iftleri arasinda ikili kargilagtirmalar yapmasma gerek kalmadan,
sinirh sayida degerlendirme ile karar siirecinin tamamlanabilmesidir. Bu da
yontemin hem zaman agisindan verimliligini artirmakta hem de tutarlilik
diizeyini yiikseltmektedir. Rezaei (2015), BWM’nin 6zellikle AHP’ye kiyasla
daha yiiksek tutarhlik oranlarina sahip oldugunu ve daha az kargilastirma
gerektirdigini gostererek, yontemin pratik uygulamalarda ne kadar etkili
olabilecegini ortaya koymustur.

BWM’in bir diger onemli Ozelligi ise 6znel yargilarin sistematik ve
matematiksel bir sekilde modellenmesini saglamasidir. Bu, karar vericinin
sezgisel bilgilerini nicel veriye doniistiiriirken karsilagilan belirsizlikleri azaltir.
Ayrica, bu yontemin kolay uygulanabilirligi ve analitik yapisi, 6zellikle sinirlt
bilgiye sahip karar ortamlarinda giivenilir sonuglar tiretmesini miimkiin kilar.
Bu nedenlerle BWM, tedarik zinciri yonetimi, siirdiiriilebilirlik analizi, risk
degerlendirmesi, proje yonetimi gibi birgok farkli alanda yaygin bir sekilde
kullanilmaktadhr.

DEMATEL (Decision Making Trial and Evaluation Laboratory)
yontemi, ¢ok kriterli karar verme (CKKYV) yaklagimlarindan biri olarak,
kriterler arasindaki nedensellik iliskilerini ortaya koymak amaciyla
gelistirilmistir. Bu yontem, ozellikle karmagik ve dinamik sistemlerde, karar
verme stirecinde hangi kriterin digerleri tizerinde daha etkili oldugunu
belirlemeye yardimci olmaktadi. DEMATEL yontemi, karar kriterleri
arasindaki etkilesimleri hem sayisal hem de gorsel bi¢imde analiz ederek,
neden-sonug iligkilerini ortaya koymakta ve boylece karar vericilere daha

bilingli bir degerlendirme olanag1 sunmaktadir (Tzeng, Chiang, & Li, 2007).
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DEMATELin temel yaklagimu, kriterler arasinda dogrudan ve dolayh
etkileri dikkate alarak bir etkilesim matrisi olusturmak ve bu matrisi
kullanarak kriterlerin toplam etkilerini hesaplamaktir. Elde edilen bu bilgiler,
hangi kriterlerin sistemin igleyisinde “neden” ve hangilerinin “sonug” rolii
istlendigini belirlemeyi saglar (Fontela & Gabus, 1976). Bu yoniiyle
DEMATEL, karar vericilerin sistemin genel yapisini daha iyi anlamalarina ve
miidahale edilecek alanlari tespit etmelerine yardimer olan giiglii bir aragtir.

ANP (Analytic Network Process) yontemi, Thomas Saaty tarafindan
gelistirilen ve AHP’nin daha gelismig bir versiyonu olan bir karar verme
yontemidir. AHP nin aksine, ANP yontemi karar verme yapisini hiyerarsik
degil, ag (network) formunda ele alir. Bu ag yapisi sayesinde kriterler
arasinda kargilikli bagimhiliklar, geri beslemeler ve i¢ ige gegmis iliskiler
dikkate alinarak daha biitiinciil bir analiz yapilabilir (Saaty, 1996). AND,
bu 6zelligi sayesinde daha karmagik ve ¢ok boyutlu karar problemlerinde
kullanima uygundur.

ANP’nin 6nemli katkilarindan biri, karar siirecinde yalnizca yukaridan
agagiya bir akig degil, ayni zamanda kriterler ve alt kriterler arasinda ¢ift yonli
etkilegimleri de analiz edebilmesidir. Ozellikle sistemsel diigiinme gerektiren
miihendislik, tedarik zinciri yonetimi, siirdiiriilebilirlik analizi gibi alanlarda
ANP, karar vericilere daha gergekgi ve etkilesimli bir degerlendirme zemini
sunmaktadir. Ancak modelin karmagik yapisi ve hesaplama yogunlugu,
kullanicilar agisindan 6grenme egrisini artirabilir.

MACBETH (Measuring Attractiveness by a Categorical Based
Evaluation Technique) yontemi, Ozellikle kantitatif verilerin mevcut
olmadigi, niteliksel degerlendirmenin daha 6n planda oldugu durumlarda
etkin bigimde kullanmilan ok kriterli karar verme yontemlerinden biridir.
Bu yontemin temelinde, karar vericilerin alternatifler arasindaki gekicilik
tarklarin sozel yargilarla ifade etmeleri yatmaktadir. Bu sozel yargilar daha
sonra sayisal olgeklere doniistiiriilerek karar matrisleri olugturulur (Bana e
Costa & Vansnick, 1994).

MACBETH’in 6ne gikan Ozelligi, psikolojik tutarliligi 6n plana alarak
karar vericilerin duygusal ve sezgisel degerlendirmelerini yapay olarak
nicellestirmeye ¢aliymamasidir. Boylece daha dogal bir degerlendirme
stireci saglanmakta, karar vericilerin biligsel yiikii azaltilmaktadir. Ayrica
MACBETH, diger bir¢ok yonteme kiyasla karar vericilerin tutarsizliklarin
sistematik olarak belirleyip diizeltmeye yonelik araglar da sunar, bu da
yontemin karar kalitesini artirmasina katki saglar.
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Fuzzy  yontemi CKKV klasik yontemlerine bulanik mantik ile
entegre edilmesi sonucu gelistirilmistir. Bu yontemler, karar vericilerin
degerlendirmelerinde karsilagilan  belirsizlikleri, sozel ifadeleri ve eksik
bilgileri daha iyi modelleyebilmek amaciyla gelistirilmistir. Ornegin Fuzzy
AHP, Fuzzy TOPSIS gibi tiirevler, klasik AHP ve TOPSIS yaklagimlarinda
kullanilan kesin sayisal degerler yerine, bulanik sayilarla galigarak karar
vericilerin daha esnek yargilar olugturmasina olanak tanir (Zadeh, 1965;
Chen et al., 1992).

Fuzzy yontemler, 6zellikle bilgi eksikligi, belirsizlik ve insan faktoriiniin
yogun oldugu durumlarda klasik yontemlere gore daha gergekgi sonuglar
tiretmektedir. Bu yontemlerin avantaji, sozel yargilar (Ornegin “biraz daha
onemli”, “gok daha 6nemli”) gibi bulanik ifadelerin matematiksel modellere
entegre edilebilmesidir. Boylece karar siireci hem daha esnek hem de karar

vericiye daha yakin hale gelir.

Entropy Tabanli Agirliklandirma yontemi, ¢ok kriterli karar
problemlerinde kriter agirhiklarini belirlemek amaciyla kullanilan nesnel ve
veri tabanli bir yaklagimdir. Bu yontemin temelinde bilgi teorisi yer alir ve her
bir kriterin sagladig: bilgi miktar1 (belirsizlik diizeyi) esas alinarak agirhklar
hesaplanir (Shannon, 1948). Entropi degeri ne kadar diigiikse, kriterin bilgi
degeri o kadar yiiksektir ve dolayisiyla agirligr artar.

Bu yontem ozellikle biiyiik veri setleriyle ¢alisilan, uzman goriislerinin
yetersiz veya bulunmadigi durumlarda tercih edilmektedir. Diger 6znel
yontemlerin aksine, Entropy yaklagimi tamamen gozlemlenen verilere
dayanir. Bu nedenle istatistiksel gegerliligi daha yiiksektir ve sonuglarin
objektifligi artirihr. Tedarik zinciri, gevresel etki degerlendirme ve finansal
analiz gibi alanlarda sik¢a kullanilmaktadir.

GRA (Grey Relational Analysis) yontemi, Deng (1989) tarafindan
gelistirilen ve Ozellikle veri eksikligi, belirsizlik ya da smnurli bilgi igeren
durumlarda tercih edilen ¢ok kriterli karar verme yontemidir. GRA,
alternatiflerin ideal ¢6ziimle olan benzerligini 6lgerek, karar siirecinde en
iyi segenegin belirlenmesini saglar. Bu yontem, ozellikle az veriyle ¢alisildigy
durumlarda oldukea etkilidir.

GRAnin temel giici, karmagik matematiksel modellemelere ihtiyag
duymadan, sinurli verilerle karar destegi saglayabilmesidir. Diger yontemlerin
aksine, GRA verilerin tam, normal dagilmis ya da istatistiksel ozellik
tagtmasini zorunlu kilmaz. Bu 6zelligi, yontemi miihendislik, kalite kontrol,
stirdiiriilebilirlik analizi ve gevresel etki degerlendirme gibi birgok alanda
pratik ve giiglii bir arag haline getirmistir.
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2.3 Veri Boyutu ve Klasik CKKV Yontemlerinin Sinirlar:

Klasik yontemler, kiigiikk ve yapilandirilmis veri setlerinde basarili
sonuglar verirken, giiniimiizde artan veri hacmi, yiiksek boyutluluk (curse
of dimensionality) ve veri dengesizligi gibi problemler performansi
diisiirmektedir. Azinlik simiflarin baskilandig1 veri setlerinde karar hatalar
yaganabilir (Chawla et al., 2002).

Ayrica, kriterler arasindaki bagimlilik, boyut indirgeme teknikleri (PCA
gibi) kullanilarak azaltilabilir (Jain, 2010). Kriter agirhiklar1 ise geg¢mis
performans verilerinden makine Ogrenmesi algoritmalar ile 6grenilebilir
(Breiman, 2001).

Model agiklana bilirligi, veri biiyiidiik¢e zorluk kazanir. Bu nedenle,
agiklanabilir yapay zeka (XAI) tekniklerinin CKKV siireglerine entegre
edilmesi gereklidir (Ribeiro et al., 2016; Vellido et al., 2012).

3. Makine Ogrenmesi: Temel Kavramlar

Makine Ogrenmesi (MO), verilerden oriintii ve iliskileri kesfederek,
gelecekteki karar ve tahminleri otomatiklestiren yapay zeka dahdir (Bishop,
2006). MO, karar destek sistemlerinde giderek yayginlasmakta ve Cok
kriterli karar problemlerin yeni ¢6ziimler sunmaktadir (Tsai & Hsu, 2013).

3.1 MO’niin Kategorileri

¢ Denetimli Ogrenme: Girdi-cikt1 iligkisi bilinen veri {izerinden model
egitilir. Siuflandirma (SVM, C4.5) ve regresyon problemleri igerir
(Quinlan, 1993; Cortes & Vapnik, 1995). CKKV’de alternatiflerin
siniflandiriimasi igin kullanilir (Zhang et al., 2020).

¢ Denetimsiz Ogrenme: Etiketlenmemis veriden yapisal bilgi cikarilir.
Kiimeleme (K-means, DBSCAN) ve boyut indirgeme (PCA, t-SNE)
yontemleri dahildir (Jain, 2010). Yiiksek boyutlu CKKV verilerinde
alternatifi gruplamada etkilidir (Tsai & Chou, 2014).

e Dekistirmeli Ogrenme: Ajan, ortamla etkilesim kurarak odiil-
ceza sinyallerinden karar politikas1 6grenir (Sutton & Barto, 2018).
Dinamik karar problemlerinde kullanilir (Mnih et al., 2015).

3.2 Veri Dengesizligi ve Artirma Teknikleri

Gergek diinyada veriler dengesizdir; bazi alternatifler azinhkta kalabilir,
bu da 6grenmeyi zorlastirir (He & Garcia, 2009). SMOTE gibi teknikler,
azinlik sinifi artirarak model bagarisini yiikseltir (Chawla et al., 2002).
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3.3 Model Agiklanabilirligi ve Etik Boyut

MO modelleri karmagiklastik¢a agiklanabilirlik zorlasir. Agiklanabilir
Yapay Zeka (XAI) yontemleri, karar siireglerini seffaflagtirir (Ribeiro et al.,
2016; Lundberg & Lee, 2017). Shapley degerleriyle kriter katkilart niceliksel
olarak analiz edilir (Shapley, 1953).

Etik ilkeler de 6nemlidir; veri gizliligi, tarafsizhik ve adalet gibi konular
MO modellerinin giivenilirligi icin kritik unsurlardir (Veale & Binns, 2017,
Mittelstadt et al, 2016).

3.4 CKKV ve Makine Ogrenmesinin Kesigimi: Ogrenme
Tiirlerinin Karar Siireclerindeki Rolii

CKKYV yontemleri, karar vericilerin birden fazla, kimi zaman geliskili kriteri
g6z oniinde bulundurarak en uygun alternatifi segmesini saglayan sistematik
yaklagimlardir. Geleneksel CKKV yontemleri, karar siirecini yapilandirma
ve kriterler arasinda 6nem diizeyi belirleme agisindan giigliidiir; ancak
degisken, biiyiik ve karmagik veri ortamlarinda sinirlt kalabilir. Bu nedenle,
son yillarda MO algoritmalari, CKKYV siireglerinin hem otomatiklestirilmesi
hem de gevresel degiskenliklere uyum saglamasi agisindan tamamlayicr bir
rol tistlenmektedir (LeCun, Bengio, & Hinton, 2015; Tsai & Hsu, 2013).

MO ile CKKV’nin entegrasyonunda, farkli égrenme tiirlerinin karar
stirecine katkisi 6nemlidir. Denetimli 6grenme (supervised learning),
etiketlenmis ge¢mis karar verilerinden oriintiileri 6grenerek gelecekteki karar
durumlari i¢in tahminleme veya siiflandirma yapar. Ornegin, gecmisteki
bagarili tedarikgi segimlerini analiz ederek, benzer ozelliklere sahip yeni
tedarikgilerin bagar1 olasiigini 6ngorebilir (Zhang, Zhao, & Kumar, 2020).
Bu, karar destek sistemlerinin 6ngoriicii hale gelmesini saglar.

Denetimsiz ~ 6grenme  (unsupervised learning) ise  verinin
etiketlenmemis oldugu durumlarda kullanilir ve alternatifler arasindaki
benzerliklere gore gruplanmasinit (clustering) saglar. Bu yaklagim, ornegin
pazar segmentasyonu, tedarikg¢i kiimelendirme veya kriter iligkilerinin kegfi
gibi yapilarda kullanilabilir (Tsai & Chou, 2014). Boylece karar vericiye
onceden farkinda olmadig veri yapilari ve oriintiiler sunularak yeni stratejik
bakis agilart kazandirilir.

Pekistirmeli Ogrenme (reinforcement learning), dinamik ve
geribildirim igeren ortamlarda, ajanlarin eylemlerine karsihk aldigi odiil-
ceza sistemine gore strateji gelistirmesine olanak tanir. Tedarik zinciri
optimizasyonu, kaynak planlama ya da iiretim ¢izelgeleme gibi zamanla
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degisen karar ortamlarinda bu yaklagim giiglii bir ¢6ziim saglar (Sutton &
Barto, 2018).

Bu baglamda, MO yontemleri yalnizca biiyiik veri ile baga ¢ikmak igin
degil, ayn1 zamanda CKKYV siireglerinin 6grenen, kendini uyarlayabilen ve
dinamik ortamlarda karar kalitesini siirdiirebilen yapilar haline gelmesi igin
kritik 6nemdedir. CKKV ve MO’niin kesisiminde yer alan hibrit yaklagimlar,
klasik yontemlerin sezgisel giiciinii, MO’niin veri odakli esnekligiyle
birlestirerek gagdag karar destek sistemlerinin temelini olugturmaktadr.

Kisacas1 Denetimli 6grenme gegmig karar verilerini modelleyerek
oneri sunar (Zhang et al.,, 2020). Denetimsiz 6grenme alternatiflerin
gruplanmasini saglar (Tsai & Chou, 2014). Pekistirmeli 6grenme dinamik
ortamlar igin stratejiler gelistirir (Sutton & Barto, 2018). Bu nedenle MO,
CKKYV siireglerinin otomatiklesmesi ve adaptasyonu ig¢in vazgegilmezdir
(LeCun et al., 2015; Tsai & Hsu, 2013).

4. CKKYV ile MO Entegrasyonu: Neden ve Nasil?

4.1 Entegrasyonun Gerekgesi

Giiniimiizde CKKV problemleri, biiylik ve karmagik veri setleriyle
tanimlanmakta; klasik yontemler bu karmagikligi yonetmekte zorlanmaktadir.
MO, dogrusal olmayan iliskileri modelleyebilir, agirliklandirma siireglerini
otomatiklestirebilir ve siniflandirma yapabilir (Chen et al., 2021; Tsai &
Hsu, 2013). Ayrica MO’niin esnekligi sayesinde karar sistemleri degisen
ortamlara uyum saglar (LeCun et al., 2015).

4.2 Entegrasyon Stratejileri

1. Agirliklandirma igin MO Kullanimi: Kriter agirliklari gegmis
veriden tahmin edilir (Breiman, 2001; Chen et al., 2021).

2. Alternatiflerin Kiimeleme ile On Siiflandirilmasi: K-means,
DBSCAN gibi algoritmalar alternatifleri gruplar (Jain, 2010; Tsai &
Chou, 2014).

3. Karar Fonksiyonlarinin Ogrenﬂmesi: SVM, Random Forest,
XGBoost gibi algoritmalar karar modelleri olugturur (Zhang et al.,
2020; Chen & Guestrin, 2016).

4. Optimizasyon Tabanli Entegrasyon: Genetik algoritmalar,
pekistirmeli 6grenme ile parametreler optimize edilir (Holland, 1992;
Sutton & Barto, 2018).
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5. Model Sec¢imi ve Uyumlandirma:Farkli karar problemleri, farkli

makine 6grenmesi algoritmalariyla daha etkili ¢oziiliir. Bu nedenle,
problem tiiriine (siralama, siniflandirma, regresyon vb.) gore en uygun
algoritmanin segilmesi kritik bir adimdir. Ayrica hiperparametre
ayarlamalari, ¢apraz dogrulama ve model uyumu testleri ile 6grenme
algoritmalar1 CKKV vyapisina entegre edilir (Bishop, 2006; Guyon
et al., 2006). Bu strateji, karar modelinin hem dogruluk hem de
agiklanabilirlik agisindan optimize edilmesini saglar.

5. Uygulama Ornegi: Tedarikgi

Tedarikgi segimi, maliyet, kalite, teslimat siiresi gibi bir¢ok kriteri igeren
klasik CKKYV problemidir (Chan et al.,2017). Bu ¢alismada, geleneksel AHP
ve TOPSIS yontemlerine ek olarak, gegmig performans verileri tizerinde

Random Forest simiflandiricist gelistirilmis ve bu yontemleri yaninda, gegmis

performans verileri iizerinden Random Forest smuflandiricisi egitilmis;

azinlik tedarik¢i kategorileri i¢in SMOTE uygulanmugtir. Bu 6rnekteki veri
seti Ozelliklerine bakildiginda

Veri seti, 500 tedarikgiye ait maliyet, kalite puani, teslimat siiresi,
ge¢mis performans skorlart gibi 8 farkli 6zelligi igermektedir.

Smuflar, yiiksek, orta ve diisiik performans olarak ii¢ kategoriye
ayrimigtir.

Diisiik performansh tedarikgiler, toplam veri setinin %10’unu
olugturarak azinlik sinifin1 temsil etmektedir.

Veri 0n isleme agamasinda, eksik degerler ortalama ile doldurulmus,
kategorik veriler one-hot encoding yontemi ile sayisal hale getirilmistir.

Bu uygulamadaki Model egitimi ve parametre ayarlamada ise agagidaki

yer almaktadir:

Random Forest modeli, baglangigta varsayilan parametrelerle egitilmis,
ardindan Grid Search yontemi ile hiperparametre optimizasyonu
yapilmugtir.

En iyi sonuglar igin, aga¢ sayis1 (n_estimators) 100, maksimum
derinlik (max_depth) 10, minimum yaprak diigiimii 6rnek sayist
(min_samples_leaf) 5 olarak belirlenmigtir.

Model egitiminde %70 egitim ve %30 test veri seti kullanilmugtir.

Smuf dengesizliginin giderilmesi igin SMOTE uygulanmugtir; boylece
diisiik performansh tedarikgi sayisi artirilarak modelin azinlik siniflar
tizerindeki bagaris desteklenmistir.
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Daha sonra uygulamanin Performans Degerlendirme Metrikleri
olusturulmus ve Model performansi agagidaki metriklerle degerlendirilmigtir:

Tablo 1. Performans Degerlendivme Metrikleri ve Model Performansi Metriklers

.1 Geri
Dogruluk Kesinlik .
Model . . CGagirma  F1 Skoru
(Accuracy) (Precision) (Recall)
Random Forest (SMOTE) %89 %87 %385 %86
Random Forest (Orijinal) %74 %72 %70 %71

Uygulanmanin sonunda ise SMOTE yontemi ile desteklenen Random
Forest modeli, simiflandirma dogrulugunu %15 oraninda artirdigy; 6zellikle
azinlik sinift olan diigiik performansl tedarikgilerin dogru siniflandiriimasinda
belirgin iyilesme saglandigr gortilmiigtii. Bu hibrit yaklagim, CKKV
stireglerinde makine ogrenmesi tekniklerinin etkin entegrasyonunun,
tedarikgi segiminde daha dengeli, giivenilir ve dogru kararlar alinmasina
olanak verdigini ortaya koymustur.

6. Makine Ogrenmesi Tabanli Cok Kriterli Karar Destek Sistemleri
(GKKDS)

Giiniimiizde CKK ve problemlerinin ¢oziimiinde, yalmzca klasik karar
yontemlerinin uygulanmasi yeterli olmamakta; karar vericilerin etkilegimli
ve dinamik ortamlarda desteklenmesi gerekmektedir. Bu baglamda, makine
Ogrenmesi tabanli ¢ok kriterli karar destek sistemleri (CKKDS) 6nem
kazanmakta ve karar siirecini hem hizlandirmak hem de dogruluk oranini
artirmak amaciyla kullamilmaktadir (Delen & Zolbanin, 2018).

6.1 Sistem Mimarisi ve Bilesenleri

CKKDS genellikle veri toplama, 6n isleme, kriter agirliklandirma,
alternatiflerin degerlendirilmesi, sonuglarin gorsellestirilmesi ve kullanici
etkilesimi bilegenlerinden olugmaktadir (Kahraman, Cebeci & Ulukan,
2007). Makine Ogrenmesi algoritmalari, 6n igleme ve agirhiklandirma
adimlarinda kritik rol oynamaktadir. Ozellikle, algoritmalar ge¢mis karar

verilerinden 6grenerek kriterlerin 6nem derecelerini belirleyebilir (Breiman,
2001).

Ornegin, yapay sinir aglar1 ve destek vektor makineleri gibi denetimli
Ogrenme yontemleri, karar vericinin tercihlerine gore karar modellerini
egitebilir (Cortes & Vapnik, 1995). Pekistirmeli 6grenme tabanli sistemlerde
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ise, ajan karar siireci igerisinde 6diil-ceza mekanizmastyla kendi stratejisini
gelistirebilir (Sutton & Barto, 2018).

6.2 Uygulama Alanlar1

CKKDS, finansal risk yonetimi, saglik hizmetleri, lojistik optimizasyonu,
enerji yonetimi ve lretim planlamasi gibi gesitli alanlarda etkin bigimde
kullanilmaktadir (Tsai & Hsu, 2013; Wang, Zhang, & Yang, 2018, Bilgin,
2021, Goksu ve et al., 2025). Ozellikle enerji sektoriinde, yenilenebilir
enerji kaynaklarinin etkin se¢imi igin veri odakli karar destek sistemleri
gelistirilmektedir (Cheng, Zhang, & Xia, 2020).

7. Derin Ogrenme ve Cok Kriterli Karar Verme: Yeni Ufuklar

Derin 6grenme, ¢ok katmanli yapay sinir aglart araciligiyla karmasik veri
yapilarindan anlamli Oriintiiler gikarabilme kapasitesiyle, CKKV alaninda
yeni firsatlar sunmaktadir (LeCun et al., 2015). CKKYV bir¢ok alternatifin
farkli kriterler agisindan degerlendirilerek en uygun kararin verilmesini
amaglayan klasik bir yontemler biitiiniidiir. Ancak geleneksel CKKV
yontemleriteki, genellikle karar verici uzmanhiginin sinirl oldugu, biiyiik ve
karmagik veri kiimeleriyle baga ¢ikmakta zorlanir. Bu noktada derin 6grenme,
biiyiik hacimli, yapisal ya da yapisal olmayan verilerden otomatik olarak
anlaml oriintiiler ¢ikartabilme kapasitesiyle, CKKV stireglerini doniigtiirme
potansiyeli tagimaktadir (LeCun et al., 2015).

Derin  6grenme, Ozellikle ¢ok sayida kriterin  etkilesimli  olarak
degerlendirildigi durumlarda avantaj sunar. Ornegin, akilli sehir
planlamasinda hem ekonomik hem gevresel hem de sosyal etkenler goz
oniinde bulundurularak altyapr yatiimlarinin 6nceliklendirilmesi gerekir.
Geleneksel CKKV yontemleri, bu kriterler arasinda sabit agirhiklar atarken,
derin 6grenme modelleri kriterler arasindaki dogrusal olmayan iliskileri
ogrenerek daha esnek ve veri odakli ¢oztimler iiretebilir (Goodfellow et al.,
2016). Bu, karar vericilere daha ger¢ekgi ve baglama duyarli 6neriler sunar.

Ornek olarak, bir saglk hizmetleri dagiim sisteminde; hasta
memnuniyeti, tedavi siiresi, maliyet, kaynak kullanimi gibi kriterler arasinda
denge kurmak gerekir. Derin 6grenme, gegmis hastane verileri {izerinden bu
kriterler arasindaki karmagik iligkileri 6grenerek, farkli senaryolar igin optimal
¢oziimler sunabilir. Bu noktada, derin 6grenme kararlart agiklanabilirlik
agisindan desteklemek igin karar agaci gibi yontemlerle de hibrit modeller
olusturmak miimkiindiir (Zhang et al., 2020).

Sonug olarak, derin 6grenme CKKV’nin yerine gegmekten ziyade, onu
destekleyen ve genisleten bir aragtir. Ozellikle yiiksek boyutlu ve karmagik
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veri ortamlarinda, klasik yontemlerin 6tesinde sezgisel ¢ikarimlar yapilmasini
saglar. Gelecekte, derin 6grenme tabanh karar destek sistemlerinin, insan
uzmanhgiyla entegre sekilde galisarak, ¢ok kriterli karar stireglerini daha
etkili ve 6zerk hale getirmesi beklenmektedir.

7.1 Derin Ogrenmenin CKKV’ye Katkist

CKKYV problemleri yiiksek boyutlu ve heterojen veri setleri igerdiginde,
derin 6grenme modelleri 6n plana gikar (Goodfellow, Bengio, & Courville,
2016). Ozellikle goriintii, metin ve zaman serisi verilerinin entegre edildigi
karar problemlerinde derin O6grenme, diger yontemlere kiyasla iistiin
performans saglamaktadir (Zhang, Yang, & Xu, 2020).

Omegin, saghk sektoriinde hastalarin medikal goriintiileri ile elektronik
saglk kayitlarinin birlikte degerlendirilerek kigisellestirilmis tedavi planlarinin
olugturulmas1 miimkiindiir (Esteva et al., 2017).

7.2 Derin Ogrenme Modellerinin Aciklanabilirliligi

Derin 6grenme modelleri genellikle “kara kutu” olarak adlandiriimakta,
bu da karar siireglerinde giivenilirlik sorunlarina yol agmaktadir. Bu nedenle
agiklanabilir yapay zeka (XAI) yontemleri gelistirilmis ve derin modellerin
kararlarini geffaflagtirmak amaglanmistir (Samek, Wiegand, & Miiller, 2017).

SHAP (SHapley Additive exPlanations) ve LIME (Local Interpretable
Model-agnostic Explanations) gibi yontemler, kriterlerin karar iizerindeki

etkisini sayisal ve gorsel olarak analiz etmeye olanak tanimaktadir (Ribeiro,
Singh, & Guestrin, 2016; Lundberg & Lee, 2017).

8. Model Performansmin Degerlendirilmesi

CKKV ile MO modellerinin basarisi, uygun performans olgiitleri
ile degerlendirilmelidir. Bu Olgiitler hem dogruluk hem de modelin
agiklanabilirligini igermektedir.

8.1 Performans Olgﬁﬂeri

* Dogruluk, Hassasiyet, Geri Cagirim (Accuracy, Precision, Recall):
Smiflandirma tabanli modeller igin temel olgiitlerdir (Powers, 2011).

e ROC Egrisi ve AUC (Area Under Curve): Modelin genel
performansini gosterir (Fawcett, 2006).

* Kappa istatistigi: Smiflandirma modellerinin rastgele tahminden
tarkini 6lger (Cohen, 1960).
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* Model Karmagikligi: Parametre sayisi ve hesaplama siiresi de goz
oniinde bulundurulmalidir (Bishop, 2006).

8.2 Model Kararmin Agiklanabilirlik Degerlendirmesi

Modelin karar siirecini ne kadar iyi agikladigi, kullanici giiveni
agisindan 6nemlidir. Agiklanabilirlik yontemlerinin uygulanmasi, sistemin
benimsenmesini kolaylagtirir (Vellido et al., 2012).

9. Etik, Giivenlik ve Yasal Diizenlemeler

CKKV ve MO entegrasyonunda etik ve yasal konular kritik &neme
sahiptir. Ozellikle karar destek sistemleri insanlarin hayatini etkileyen
sonuglar dogurabileceginden, tarafsizlik, gizlilik ve seffatlik temel unsurlardir

(Mittelstadt et al, 2016).

9.1 Etik Ilkeler

* Adalet: Modellerin 6nyargisiz ve ayrimci olmayan kararlar vermesi
gerekir (Veale & Binns, 2017).

* Gizlilik: Veri sahiplerinin haklarina sayg: gosterilmeli ve kigisel bilgiler
korunmahidir (Dwork, 20006).

* Seffaflik: Karar siiregleri kullanicilar ve paydaglar igin anlagilir ve
izlenebilir olmalidir (Doshi-Velez & Kim, 2017).

9.2 Giuvenlik Riskleri

Makine 6grenmesi modelleri, 6zellikle derin 6grenme tabanli olanlar,
manipiilasyona agiktir. Adversarial saldirilar ve veri sizintilari, sistemlerin
giivenilirligini ciddi sekilde tehdit etmektedir (Szegedy et al., 2014). Bu
nedenle, giivenlik protokolleri gelistirilmesi ve modellerin stirekli izlenmesi
zorunludur (Papernot et al., 2018).

9.3 Yasal Diizenlemeler

Avrupa Birligi'nin Genel Veri Koruma Yonetmeligi (GDPR), kisisel
verilerin korunmasi konusunda siki standartlar getirmistir (Voigt & Von dem
Bussche, 2017). Bu tiir yasal diizenlemeler, CKKV ve makine 6grenmesi
sistemlerinin tasarim ve uygulama siireglerinde dikkate alinmalidir.

10. Gelecek Arastirma Yonelimleri

CKKYV ve makine 6grenmesinin entegrasyonunda halen pek ¢ok agik
konu bulunmaktadir:
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* Gergek zamanli karar destek sistemleri gelistirilmesi: Hizla degisen
ortamlara uyarlanabilir modeller (Nguyen et al., 2020).

* Aciklanabilir derin 6grenme yontemlerinin gelistirilmesi: Kullanici
dostu, giivenilir modeller (Adadi & Berrada, 2018).

* Coklu karar verici sistemleri: Farkli paydaglarin tercihlerinin
biitlinlestirilmesi (Nguyen & Nahavandi, 2017).

e Etik ve sosyal etkilerin modellenmesi: Kararlarin toplumsal
etkilerinin analiz edilmesi (Greene, Hoffmann, & Stark, 2019).

11. Sonug ve Oneriler

Cok kriterli karar verme problemlerinin ¢6ziimiinde makine 6grenmesi
yaklagimlari, klasik yontemlerin sinirlarini agmakta ve daha dinamik, veriye
dayali karar siiregleri gelistirmektedir. Bu yontemin bagari anahtarlari
problemlerdeki modellerin daha agiklanabilir ve etik sorumluluklarin olmasi
olarak belirtilebilir.

Bu galigma, ¢ok kriterli karar verme yontemleri ile makine 6grenmesinin
entegrasyonunun teorik ve uygulamali yonlerini kapsamli bi¢imde ele
almugtir. Veri odakli ve dinamik karar problemlerinde bu hibrit yaklagimlar
performans ve esneklik agisindan onemli avantajlar saglamaktadir. Ancak
agiklana bilirlik, etik, giivenlik ve yasal uyumluluk gibi alanlarda halen
agilmasi gereken zorluklar bulunmaktadir. Birgok iilkede yapilan ¢aligmalar
da bu dogrultuda gelismekte olup, ozellikle yerel veri setleriyle uyumlu
modellerin gelistirilmesi, alan igin kritik bir gereklilik olarak 6ne ¢ikmaktadir
(Ozdemir & Sahin, 2021; Yildirim & Kaya, 2019).

Gelecekte, derin 6grenme tabanli XAl yontemlerinin, gercek zamanlt
karar destek sistemlerinde kullanimi, pekistirmeli 6grenme ile gevresel
degisimlere adaptasyon ve etik karar yapilarinin matematiksel modellenmesi
aragtirma alanlari olacaktir (Rawls, 1971; Kahneman, 2011).
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Bolim 6

Finansal Zaman Serist Tahminlerinde Makine
Ogrenmesi Uygulamalar:

Ozge Ding Cavlak

Ozet

Mevcut ¢aligma, finansal zaman serisi tahminlerinde kullamilan gesitli
makine 6grenmesi algoritmalarini inceleyerek, genel bir gergeve g¢izmeyi
amaglamaktadir. Caligmada, finansal zaman serisi tahminlerinde yaygin
olarak kullanilan aga¢ tabanli Rastgele Ormanlar (Random Forests, RF),
Agirt Gradyan Artirma (Extreme Gradient Boosting, XGBoost), CatBoost
(Categorical Boosting), Hafif Gradyan Artirma Makinesi (Light Gradient
Boosting Machine, LightGBM) ve Dogal Gradyan Artirma (Natural Gradient
Boosting, NGBoost) modelleri hakkinda bilgi verilmektedir. Ardindan,
girdi degiskenlerin katkisin1 6lgerek, makine 6grenmesi modellerinin
yorumlanabilirligini arttiran SHAP yaklagimi agiklanmaktadir. Son olarak,
makine 6grenmesi algoritmalar: kullanilarak gerceklestirilen finansal zaman
serisi tahminleri, hisse senedsi, tahvil ve emtia piyasalar1 tizerinden tartigilarak,
bu modellerin tahmin performans: ve etkililigi gosterilmektedir. Makine
ogrenmesi modellerinin hisse senedi ve tahvil piyasalarinin yani sira, ham
petrol, dogal gaz, altin, tarimsal iiriinler gibi emtia fiyatlarim tahminde
istiin performans gosterdikleri belirtilmektedir. Ayrica, bu modellerin yesil
enerji hisse senedi ve yesil tahvil fiyatlarini tahmin etmede etkili olduklari
one siiriilerek; yatirim kararlari, politika olugturma ve siirdiiriilebilir enerji
doniistimii i¢in 6nemi vurgulanmaktadir. Sonug olarak yenilik¢i makine
ogrenmesi modelleri, finansal zaman serisi tahminlerinde olduke¢a tistiin
performans gostermekte; tahmin dogrulugu, yorumlanabilirlik ve dogrusal
olmayan oriintiileri yansitabilme gibi avantajlar sunmasi bakimindan 6nem
arz etmektedir.
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1. Girig

Tahmin, bireylerin ve orgiitlerin proaktif karar alma ve politika gelistirme
stireglerinde 6nemli rol oynamaktadir (Kumar vd., 2023). Tahmin dogrulugu
kadar, tahmin modeli giktilarin1 dogru bir bigimde yorumlayabilmenin de
kritik bir 6neme sahip oldugu ifade edilmektedir (Lundberg ve Lee, 2017).
Ozellikle finansal zaman serisi modellerinde, yiiksek diizeyde rastgelelik
ve artiklarin bulunmamasi gibi durumlar nedeniyle tahmin zorluklar1 s6z
konusu olabilmektedir (Kumar vd., 2023). Bu dogrultuda, finansal zaman
serisi tahminlerinde dogrulugu artiran ve karmagik yapilari 6ngorebilen
makine 6grenmesi modelleri tercih edilmektedir. Murphy (2012) makine
ogrenmesini, verideki oriintiileri otomatik bir bi¢imde tespit edebilen bir
dizi yontemi igeren ve bu Oriintiileri, gelecek verileri tahmin etmede veya
diger belirsizlik altinda karar verme durumlarinda kullanan bir yontem
olarak tanimlamaktadir. Bertolini vd. (2021) bu tanimi genigleterek makine
Ogrenmesini, veriden bilgi treten bir dizi yontem ve algoritma olarak
tanimlarken; deneyimden 6grenme yetenegini siirekli olarak geligtirdigini
ifade etmektedir. Gelencksel istatistiksel yontemler, Ornekleme iliskin
dagilimlar ve dogrusallik gibi birtakim varsayimlar gerektirdiginden, bu
yontemlerin duragan olmayan ve dogrusal olmayan zaman serisi verileri
tizerinde etkisi sinirli olmakta; makine 6grenmesi modellerinin, 6rneklem
dagilimina iliskin az sayida varsayim ile dogrusal olmayan Oriintiileri
yansitabilmesi bakimindan, zaman serileri analizlerinde giivenilir yontemler
oldugu belirtilmektedir (Lv vd., 2022). Bunun yam sira, aga¢ tabanh
modeller, yaygin kullanilan denetimli makine 6grenmesi yontemleri arasinda
yer almakta; tahmin modellerinin dogrulugunu ve yorumlanabilirligini
tyilestirme, dogrusal olmayan iliskileri yansitabilme, siniflandirma ve
regresyon problemlerine uyarlanabilme yetenekleriyle 6n plana ¢ikmaktadir
(Rady vd., 2021).

Makine 6grenmesi modellerinin zaman serisi tahminlerinde sundugu bu
avantajlar degerlendirildiginde, bu modellerin, dogruluk, yorumlanabilirlik
ve etkili tahminler sunarak finansal zaman serisi tahmini literatiiriine derin
bir anlayig kazandirdig: goriilmektedir. Bu kapsamda, mevcut ¢aligma, agag
tabanli makine 6grenmesi algoritmalarini Ozetleyerek; bu algoritmalarin,
hisse senedi, tahvil ve emtia piyasalarini tahmin performanslarini
degerlendirmektedir. Ayrica, yesil enerji hisse senedi, yesil tahvil ve temiz
enerji gibi araglarin tahmin performanslarina odaklanan galigmalara yer
vererek, yatirimcilar ve politika yapicilar i¢in 6nemli gikarimlar sunmaktadir.
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2. Agag Tabanli Makine Ogrenmesi Modelleri

Mevcut ¢aligma, finansal zaman serisi tahminlerinde yaygin olarak
kullanmilan aga¢ tabanli makine 6grenmesi modellerini ele alarak, tahmin
baglaminda 6zetlemeyi amaglamaktadir.

2.1. Rastgele Ormanlar

Breiman (2001) tarafindan gelistirilen Rasgele Ormanlar (Random
Forests, RF), her bir karar agaci i¢in bagimsiz ve ayn1 dagilima sahip rastgele
vektorler iireterek birden ¢ok karar agaci olugturan bir topluluk 6grenimi
yontemidir. Buna gore, bu vektor ve egitim seti kullanilarak agag biiyttiiliir
ve bir siniflandiricr iiretilir. Ormandaki agag sayist arttikca, genelleme hatasi
belirli bir degere yakinsamaktadir. Bir ormandaki aga¢ siniflandiricilarinin
genelleme hatasi, ormandaki bireysel agaglarin giiciine ve aralarindaki
korelasyona bagli olmakta; daha diisiik genelleme hatast, rastgele ormanlarin
siniflandiricilar arasinda daha diigiik korelasyona ve daha yiiksek giice sahip
oldugunu gostermektedir. Biiyiik sayilar kanunu sayesinde daha fazla agag
eklendikge agir1 6grenme s6z konusu olmamakta; bu da RF algoritmasinin
etkili bir tahmin arac1 oldugunu gostermektedir. Rastgele bir vektore bagh
birden ¢ok karar agacindan olugan ve bu agaglarin ortalamasi alinarak
olusturulan RF tahmin modeli, Esitlik 1’de verilmektedir;

N
ng;gi(x) (1)

Burada g,(x), 1. rastgele agaglar kiimesini ve x, girdi ozellikleri vektoriinii
ifade etmektedir.

2.2. Gradyan Artirma Modelleri

Friedman (2002) tarafindan gelistirilen Gradyan Artirma (Gradient
Boosting), fonksiyon tahminini parametre uzayindan ziyade fonksiyon
uzayinda sayisal optimizasyon perspektifinden ele alan; siniflandirma ve
regresyon temelli bir topluluk 6grenimi yontemidir. Gradyan Artirma, en
kiigiik kareler yontemi ile bir zayif 6greneni ardigik olarak mevcut sozde
artiklar tizerine modelleyerek, eklemeli regresyon modelleri olugturmaktadir.
Sozde artiklar, her bir egitim veri noktasindaki model degerlerine gore
minimize edilmekte olan kayip fonksiyonunun gradyani olarak ifade
edilmektedir. Siirece rastgeleligin dahil edilmesi, yakinsama dogrulugunu ve
caligma hizini arttirmaktadir. Her bir adimda egitim verisi setinin tiimiinden
rastgele olarak bir alt kiime ¢ekilerek, bu rastgele segilen altkiimenin zayif
ogreneni egitmek ve model giincellemesini hesaplamak amaciyla kullanildigy
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ifade edilmektedir. Gradyan Artirma algoritmasinin dogrulugunun bu
rastgelelestirme siireci sayesinde artti1; bu artigin derecesinin egitim seti
biiyiikliigii, dogru hedef fonksiyon, kosullu dagilim ve zayif 6grenenin
kapasitesine bagl oldugu belirtilmektedir.

Gradyan Artirma, farkli durumlarda son teknoloji sonuglar elde edebilen
gii¢lii bir makine 6grenmesi teknigi olarak heterojen ozellikler, giiriiltiilii
veriler ve karmagik bagimliliklarin bulundugu 6grenme problemleri igin temel
bir yontem olarak uygulanmaktadir (Prokhorenkova vd., 2018). Bu yontem,
islevsel bir uzayda zayif modellerin yinelemeli olarak birlestirilmesiyle giiglii
tahminleyicilerin nasil olugturulabilecegini teorik olarak agiklamaktadir
(Dorogush vd., 2018).

Mevcut galismada, Agswrz Gradyan Artirma (Extreme Gradient Boosting,
XGBoost), CatBoost (Categorical Boosting), Hafif Gradyan Artirma Makinesi
(Light Gradient Boosting Machine, LightGBM) ve Dogal Gradyan Arturma
(Natural Gradient Boosting, NGBoost) modellerine yer verilmektedir.

2.2.1. Asir1 Gradyan Artirma

Chen ve Guestrin (2016) tarafindan gelistirilen Agir1 Gradyan Artirma
(Extreme Gradient Boosting, XGBoost), 6l¢eklenebilir agag artirnmina dayali
bir topluluk 6grenimi yontemidir. Boylelikle, seyrek verilerin iglenebilmesi,
Ogrenme siirecinin hizlanmasi ve daha hizli model kesfine olanak vermektedir.
XGBoost, seyrek veriye duyarli algoritma, agirhkli geyreklik o6zetleme,
onbellek erisim Oriintiileri, veri sikigtirma ve pargalama gibi 6nemli sistemler
ve algoritmik optimizasyonlar kullanarak en az kiime kaynag: ile daha biiyiik
capta ornekleri modelleyebilmektedir. XGBoost algoritmasina iliskin tahmin
modeli, Esitlik 2°de belirtilmektedir;

K

V=2 A(x). fieF (2)

k=1

Burada, y, model tahminini, K toplam agag¢ saywsini; f,, k. agag
tahminini, x;,, girdi 6zellik vektoriinii ve F' olasi regresyon agaglar1 kiimesini
ifade etmektedir.

2.2.2. CatBoost

Yandex aragtirmacilari tarafindan gelistirilen gradyan artirma tabanh
CatBoost (Categorical Boosting) algoritmasi, klasik algoritmaya alternatif
olarak permiitasyona dayali sirali artirma tekniginin uygulanmasi ve
kategorik 6zelliklerin iglenmesine yonelik yenilikgi bir alternatif sunmaktadir
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(Prokhorenkova vd., 2018). Bu yontem, kategorik ozellikleri bagarili bir
sekilde isleyebilen ve bu 6zellikleri 6n isleme agamasinda ele almak yerine
egitim siireci sirasinda ele alan bir gradyan artirma algoritmasi sunmaktadr.
CatBoost algoritmasi, agag yapist se¢iminde yeni bir gema kullanarak agiri
ogrenmeyi azaltmakta; hizli bir egitim siireci saglayarak benzer biiytikliikteki
topluluk modelleri uygulamalarindan daha iyi performans gosteren puanlama
uygulamalar1 i¢ermektedir (Dorogush vd., 2018). Sirali artirma prosediirii
uygulanarak gelistirilen tahmin modeli, Esitlik 3’te verilmektedir;

n

h' =arg mian:(—gt()ck,yk)—h(xk))2 (3)

heH n k=1

Burada g’(xk, yk), kosullu gradyan dagilimimni ve h(xk), temel
tahminleyiciyi gostermektedir.

2.2.3. Hafif Gradyan Artirma Makinesi

Hafit Gradyan Artirma Makinesi (Light Gradient Boosting Machine,
LightGBM) algoritmasi, gelencksel gradyan artirmali karar agaglarinin
biiyiik veriyi iglerken kargilagtigi hesaplama karmagikligi ve islem siiresi
problemlerini gidermek amaciyla Ke vd. (2017) tarafindan gelistirilmistir.
Bu algoritma, gradyan tabanli tek tarafli 6rnekleme ve ayricalikli 6zellik
desteleme olmak tzere iki yenilik¢i teknik kullanarak, hesaplama hizi,
dogruluk ve verimli bellek kullanimi agisindan tstiinlitk saglamaktadir.
LightGBM, karar agaglarinin egitilmesi siirecinde diger gradyan artirma
algoritmalarinda kullanilan seviye bazli biiylime stratejisi yerine, yaprak
bazli bityiime stratejisini kullanmaktadir (Ke vd., 2017; Ustiiner vd., 2020).
LightGBM modeli, Esitlik 4’te verilmektedir.

j}zzgi (x) (4)

i=1

Burada g, (x), regresyon agaglarini; T agag sayisim gostermektedir
(Kocaarslan ve Mushtaq, 2024).

2.2.4. Dogal Gradyan Artirma

Duan vd. (2020) tarafindan gelistirilen Dogal Gradyan Artirma
(Natural Gradient Boosting, NGBoost) algoritmasi, gradyan artirma
temelli olasiliksal regresyon tahmin modelleri ortaya koymaktadir. Buna
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gore NGBoost, ¢ok parametreli bir artirma algoritmasini dogal gradyan
ile birlestirerek, varsayilan ¢ikti dagilimi parametrelerinin gozlemlenen
ozelliklere gore nasil degistigini verimli bir bigimde ortaya koyan, olasiliksal
bir tahmin yontemidir. NGBoost, gradyan artirma yontemini olasiliksal
regresyona genelleyerek, kosullu dagilimin parametrelerini ¢ok parametreli
bir artirma algoritmasinin hedefleri olarak ele almaktadir. Bu baglamda
algoritma, temel Ogrenen, siirekli parametreli herhangi bir dagilim ailesi ve
herhangi bir puanlama kural ile kullanilabilmekte; esneklik, 6lgeklenebilirlik
ve genel uygulanabilirlik gibi avantajlar saglamaktadir. NGBoost, gergek
degerli parametreler kiimesiyle tanimlanan bir dagilim ailesinin se¢imine ve
parametrelerin degiskenler arasinda degigimine olanak vermektedir. Ayrica
NGBoost, geleneksel artirma algoritmalarinim ayni verimli karmagikhig ile
gok sayida Ozellik veya gozleme Olgeklenmekte; siniflandirma ve regresyon
problemlerini etkili bir bigimde ele alabilmektedir. Duan vd. (2020)
gergeklestirdikleri deneylerinde ¢ok parametreli artirma ve dogal gradyanin
birlikte g¢alisarak performans: artirdigini belirtmektedir. Bu algoritma,
olasiliksal tahmin i¢in denetimli bir 6grenme yontemi olarak tanimlanmakta;
kosullu olasihik dagihmi P,(y |x) parametrelerini, artirma kullanarak x’in
bir fonksiyonu olarak tahmin etmektedir.

3. SHAP

Oyun teorisine dayali (Shapley, 1953) SHAP (SHapley Additive
exPlanations) degerleri, Lundberg ve Lee (2017) tarafindan gelistirilerek,
topluluk ya da derin 6grenme gibi karmagik modellerin yorumlanabilmesine
olanak saglayan biitlinlesik bir SHAP yaklagimi sunmaktadir. Yazarlar,
basit modellerin daha rahat yorumlanabildigini ancak bu tiir modellerde
tahmin dogrulugu sorunlar1 yaganabildigini belirterek; karmagik modellerin
daha dogru sonuglar iirettigini ifade etmektedirler. Bu kapsamda,
karmagik modellerin kullanilmasiyla birlikte model ¢iktilarinin dogrulugu
ve yorumlanabilirligi arasindaki dengenin 6n plana ¢ikuigy; biitiinlesik
yenilik¢i bir yaklagim sunularak, model tahminlerinin yorumlanabilmesine
olanak verildigi belirtilmektedir. SHAP yaklasgiminin, eklemeli 6zellik katki
yontemlerini birlegtirerek, yerel dogruluk, eksiklik ve tutarhilik 6zelliklerini
barindiran bir yap1 ortaya koydugu ifade edilmektedir.

Lundberg vd. (2018), SHAP degerlerini etkilesim 6gelerini kapsayacak
sekilde gelistirerek, agag topluluk yontemlerinden elde edilen tahminlerin
yorumlanmasinda kullanmakta; iistel hiz kazanimlari, denetimli kiimeleme,
SHAP bagimlilik grafikleri ve SHAP 6zet grafikleri ile bu modellere daha

derin bir anlayig kazandirmaktadir.
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SHAP yaklagimi, her bir agiklayici degiskenin katkisini Olgerek makine
ogrenmesi modellerini agiklamakta; dogruluk ve tutarlihk gibi avantajlar
saglayarak modelin yorumlanabilmesine olanak sunmaktadir (Choi vd.,

2025).

4. Finansal Piyasalarin Tahminlerinde Makine Ogrenmesi
Modelleri

Finansal piyasalar, makrockonomik risk faktorleri, jeopolitik riskler,
piyasa oynakliklari ve petrol fiyati belirsizlikleri gibi pek ¢ok faktorden
etkilenmekte; bu nedenle bu piyasalarin dogru ve etkin bir bigimde tahmini
zorlu bir stire¢ halini almaktadir. Finansal piyasalarin geleneksel zaman
serisi modelleri kullanilarak tahmin edilmesinin yani sira, yenilik¢i makine
ogrenmesi yontemlerinin 6zellikle hisse senedi, tahvil, enerji, emtia piyasalar1
ve oynaklik tahminlerinde kullanildig: 6rnekler, ilgili yazinda yer almaktadir
(bkz. Ghallabi vd., 2025; Jabeur vd., 2021; Kocaarslan ve Soytas, 2023;
Lahmiri, 2024; Prasad ve Bakhshi, 2022; Soltani vd., 2024). Makine
ogrenmesi algoritmalari, ekonomik ve finansal faktorlerin karmagik ve
dogrusal olmayan 6zelliklerini dikkate alarak 6nemli avantajlar saglamaktadir
(Jabeur vd., 2021). Bu nedenle mevcut ¢aligma, ilgili literatiirde son yillarda
yapilan galigmalar1 inceleyerek, yenilikgi makine 6grenmesi algoritmalarinin
finansal zaman serisi tahminlerindeki performanslarina odaklanmaktadir.

4.1. Hisse Senedi Piyasalar1

Hisse senedi piyasalari, kiiresel finansal sistemin temel unsurlarindan
biri olarak olduk¢a karmagik ve kaotik bir yapiya sahip olup; hisse senedi
tahminleri, yatirimcilarin, analistlerin ve aragtirmacilarin odak noktasi
haline gelmistir (Gupta vd., 2025). Ancak bu karmagik yapi, hisse senedi
fiyat hareketlerinin etkili bir gekilde tahminini giiglestirmektedir (Kara vd.,
2011). Bu baglamda, yenilik¢i makine 6grenmesi modellerinin hisse senedi
tahminindeki performanslarini degerlendirmek, etkili portféy ve riskten
kaginma stratejileri gelistirebilmek igin kritik bir 6neme sahiptir. Ghallabi
vd. (2025) temiz enerji hisse senedi fiyatlarini ESG (Environmental, Social,
Governance) hisse senedi piyasalarini analiz ederek makine 6grenmesi
modelleriyle tahmin etmiglerdir. Bu baglamda, ESG hisse senedi fiyatlarinin
temiz enerji fiyatlari tizerindeki tahmin edici giiciinii kargilagtirmak amaciyla
RE XGBoost, CatBoost, LightGBM, SVM (Destek Vektor Makineleri) ve
NGBoost algoritmalart kullanilmaktadir. Model performanslari, Dogruluk
Skoru, F1 Skoru, ortalama karesel hata (Mean Squared Error, MSE) ve Egri
Altinda Kalan Alan metrikleri ile kargilagtirilarak, en iyi performans gosteren
modelin - NGBoost oldugu gosterilmektedir. Aragtirmanin  sonuglari,
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NGBoost modelinin diger modellere iistiinliik sagladigini; temiz enerji
hisse senedi fiyatlar1 ile ESG piyasalar1 degiskenleri arasinda giiglii bir iligki
oldugunu ileri stirmektedir. Ayrica aragtirmacilar, SHAP yontemi kullanilarak
seffafligin ve yorumlanabilirligin arttirildigint belirtmektedirler. Son olarak,
makine 6grenmesi modellerinin yesil enerji hisse senedi fiyatlarini tahmin
etmede bagarili oldugu, bu bulgunun yatirim kararlari, politika olugturma ve
stirdiiriilebilir enerji doniiglimii i¢in 6nemi vurgulanmaktadir.

Bunun yani swra, cesitli iilkelerin hisse senedi piyasalari, makine
Ogrenmesi yontemleriyle tahmin edilmekte ve bu modellerin istiin
performans gosterdikleri ortaya konmaktadir. Zhao (2021), Nepal 6rnegi
tizerinden hisse senedi piyasalarinin tahmininde SVM ve XGBoost’un en 1yi
performans gosteren modeller oldugunu belirtmektedir. Choi vd. (2024),
Kore hisse senedi getirilerini gesitli makine 6grenmesi modelleri kullanarak
tahmin etmekte; LightGBM modelinin stiin performans sergiledigini
belirtmektedir. Sharma ve Jain (2023), hisse senedi tahminlerinde gesitli
makine 6grenmesi modelleri kullanarak, XGBoost’un hisse senedi tahmininde
etkin bir model oldugunu ortaya koymaktadirlar.

4.2. Tahvil Piyasalar:

Kocaarslan ve Soytas (2023) geleneksel tahvil, hisse senedi ve enerji
emtia piyasalari ile ekonomik risk faktorlerinin ABD belediye yesil tahvilleri
tizerindeki etkilerini RE XGBoost, CatBoost ve LightGBM algoritmalar1
kullanarak COVID-19 6ncesi ve sonrast donem ig¢in tahmin etmektedirler.
Model performanslarinin degerlendirilmesi amaciyla, ortalama mutlak hata
(Mean Absolute Error, MAE), belirtme katsayist (R?), ortalama karesel
hata (Mean Squared Error, MSE) ve kok ortalama karesel hata (Root Mean
Squared Error, RMSE) metrikleri kullanilmig ve modellerin tahmin edici
giigleri ortaya konmugtur. Veri, egitim ve test setleri olarak ayrilarak en
uygun parametre kombinasyonunu belirlemek amaciyla ¢apraz dogrulama
teknigi uygulanmistir. Aragtirmanin sonuglari, COVID-19 6ncesinde en iyi
performans gosteren modelin XGBoost; COVID-19 dénemi igin ise en iyi
performans gosteren modelin CatBoost oldugunu gostermektedir. Ardindan
SHAP yaklagimi kullanilarak girdi degiskenlerin yanit degigkeni tizerindeki
goreceli etki biiyiikliikleri ve 6nem diizeyleri ortaya konmakta; kismi etki
grafikleri ile piyasalar arasindaki etkilegimler gosterilmektedir. COVID-19
pandemisi 6ncesinde hisse senedi ve yesil tahvil piyasalar1 arasinda zayif
bir iligki bulunurken, geleneksel tahvil piyasalar: ile yesil tahvil piyasalar
arasinda giiglii bir iliski oldugu belirtilmektedir. COVID-19 doneminde

ise hisse senedi ve enerji emtia piyasalarinin yesil tahvil piyasalar tizerinde
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oldukga 6nemli etkileri oldugu; ayrica piyasalarin makroeckonomik risk ve
belirsizlik faktorleri ile etkilegim i¢inde oldugu ifade edilmektedir.

Kocaarslan ve Mushtaq (2024), ABD belediye yesil tahvil piyasalar
ile enerji emtia ve hisse senedi piyasalar1 arasindaki dinamik kogullu
korelasyonlar1 ortaya koyarak, CatBoost, XGBoost ve LightGBM
algoritmalari ile dinamik korelasyonlar1 tahmin etmeyi amaglamaktadirlar.
Bunun yam sira, doviz kuru, gesitli ekonomik ve belirsizlik faktorleri ile
SHAP yaklagimi1 kullanarak, degiskenlerin goreceli nem diizeylerini ortaya
koymaktadirlar. Aragtirmacilar SHAP analizinin, girdi degigkenlerine sayisal
degerler atayarak makine 6grenmesi modellerinin iirettigi tahminlere iliskin
daha derin bir anlayis kazandirdigini; her bir girdi degiskenin tahmine
ne oOlgide ve hangi yonde katki sundugunun ortaya kondugunu ifade
etmektedirler. Aragtirmanin sonuglari, XGBoost ve CatBoost modellerinin
tahmin dogrulugunun LightGBM modelinden daha iistiin oldugunu ortaya
koymaktadir.

Isgiizar vd. (2024), Japonya yesil tahvil endeksini, gesitli makine 6grenmesi
algoritmalar1 kullanarak tahmin etmekte; RF ve XGBoost modellerinin test
veri setinde daha bagarili tahminler iirettiklerini ortaya koymaktadir.

4.3. Emtia Piyasalar1

Jabeur vd. (2021), COVID-19 pandemisi siirecinde petrol fiyatlarini
tahmin etmek amaciyla LightGBM, CatBoost, XGBoost, RE Yapay Sinir
Aglart (Artificial Neural Networks, ANN) modelleri kullanarak model
performanslarini kargilagtirmiglardir. Bu baglamda, yesil enerji kaynaklari,
ESG endeksleri, hisse senedi piyasalar1, oynaklik endeksi, gesitli emtialar,
doviz kuru ve Bitcoin gibi faktorlerin petrol fiyatlarini tahmin etmedeki
onem diizeyleri, SHAP analizi kullanilarak ortaya konmugtur. Caligmanin
sonuglar1, XGBoost modelinin petrol fiyatlarini tahmin etmede diger makine
ogrenmesi modellerinden daha tistiin oldugu bulgusuna ulagirken; makine
ogrenmesi modellerinin genel performanslarinin, diskriminant analizi ve
lojistik regresyona kiyasla daha iy1 oldugunu gostermektedir. Ayrica, petrol,
yesil enerji kaynaklar1 ve altin birbirileriyle olduk¢a yiiksek korelasyon
ortaya koymakta; aragtirmacilar piyasalar arasindaki bu etkilesimlerin risk
yaytlimi ve portfoy yonetimi baglaminda Onemine dikkat ¢ekmektedir.
Jabeur vd. (2024), altin fiyatlarim1 tahmin etmek amaciyla gesitli makine
ogrenmesi modelleri kullanarak, XGBoost algoritmasinin diger modellere
istiin geldigini gostermektedir. Ardindan, SHAP yaklagimi kullanilarak,
ham petrol, giimiiy, demir fiyatlari, doviz kurlari, S&P 500 endeksi ve
ABD enflasyon orani agiklayict degiskenlerinin, altin fiyatlarin1 agiklama
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kapasitelerini ve XGBoost model ¢iktilarini yorumlamadaki etkinligi ortaya
konmaktadr.

Lahmiri (2024), ham petrol, dogal gaz, benzin gibi fosil enerji piyasasi
emtialarimin tahminlerinde ¢esitli makine O6grenmesi sistemlerini, Bayes
optimizasyon yontemi kullanarak optimize etmekte; Gauss regresyon
stirecinin fosil enerji piyasalarini tahmin etmede en iistiin yontem oldugunu
ifade etmektedir. Jin ve Xu (2025), Cin emtia fiyat endeksinin tahmininde,
egitim siireci i¢in gapraz dogrulama ve Bayes optimizasyonu, analiz siireci
i¢in ise Gauss siireg regresyonlar1 kullanarak; belirtilen zaman periyodu igin
modellerin dogru bir sekilde tahmin edildigini belirtmektedir. Ludovico
vd. (2022), seker, canli sigir, kahve, etanol, musir ve soya fasulyesi gibi
driinleri igeren tarimsal emtia piyasalarinin tahminlerinde, RE ANN,
SVM, XGBoost gibi gesitli makine 6grenmesi modelleri kullanmakta; SVM
algoritmasinin en dogru tahmin veren model oldugunu ifade etmektedirler.
Rady vd. (2021) altin fiyatlarim1 tahmin etmede, karar agaglari, rastgele
ormanlar ve gradyan artirma agaglarini kullanmakta; rastgele ormanlarin,
tahmin dogrulugu bakimindan en iyi model oldugunu belirtmektedir.

5. Sonug

Makine 6grenmesi algoritmalarinin kullanildigy finansal zaman serileri
caligmalar1 incelendiginde, yatirimcilara, yoneticilere ve politika yapicilara
yonelik birtakim ¢ikarimlar ve Oneriler sunulmakta; ¢aliyma sonuglar1 bu
baglamlarda tartiglmaktadir. Ghallabi vd. (2025), arastirmalarindan elde
edilen bulgularin, makine 6grenmesi algoritmalarinin yesil enerji hisse
senedi fiyatlarini tahmin etmedeki dogrulugunu vurguladigini; yatirimcilara,
portfdy yoneticilerine ve politika yapicilara portfoy gesitlendirmesi
baglaminda ¢ikarimlar sundugunu belirtmektedir. Jabeur vd. (2024),
dogru bir tahmin yontemi kullanmanin yatirnmcilara ve politika yapicilara
uygulamada ¢itkarimlar sundugunu; merkez bankalarinin iglem giivenligi ve
rezerv stratejileri baglaminda altin fiyatlarinda meydana gelen dalgalanmalar
hakkinda bilgi sahibi olmalar1 gerekliligini vurgulamaktadir. Tang vd. (2022),
finansal verinin dogrusal olmayan, karmagsik ve diizensiz yapist nedeniyle
finansal zaman serisi tahminlerinin 6nemine dikkat ¢ekmekte; yenilikgi
modeller gelistirilerek gesitli aragtirmalar yapildigini belirtmektedir. Ayrica
aragtirmacilar, dogru tasarlanmig tahmin modellerinin daha iyi stratejiler
gelistirmede ve kararlar almada hiikiimetlere yardimci olabilecegini; karlilig:
artirmada ise bireylere ve kurumlara yol gosterebilecegini belirtmektedir.
Kocaarslan ve Mushtaq (2024), yesil tahvil piyasalarinin tahmininde makine
ogrenmesi modellerinin geleneksel tahmin modellerinden daha dogru
¢tkarimlar sundugunu belirterek, COVID-19 pandemi donemi igin yesil
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tahviller ile riskli varliklar arasindaki baglantiliiga dikkat ¢ekmektedirler.
Jabeur vd. (2021), finansal piyasalarin ve emtia piyasalarinin, COVID-19
pandemisinin  baglamasiyla birlikte O6nemli kayiplar verdigini; petrol
tiyatlarindaki dalgalanmalarin tahmin dogrulugunun, geleneksel modellerden
ziyade gelismis makine 6grenmesi modelleri kullanilarak arttiriimasinin
onemine vurgu yapmaktadir. Soltani vd. (2024), temiz enerji, emtia, yesil
tahvil ve ESG endeksi fiyatlarini, makine 6grenmesi modelleri kullanarak
COVID-19 salgimt ve Rusya-Ukrayna gatigmasi donemleri kapsaminda
tahmin ederek, risk yonetimi uygulamalari, yesil varliklarin denetlenmesi ve
politika yapicilar baglaminda degerlendirmektedir. Ayrica, etkili tahminlerin,
optimal portféy dagilimi ve riskten korunma stratejileri baglaminda 6nemini
vurgulamaktadirlar.

Mevcut galigma, yenilik¢gi makine 6grenmesi algoritmalarinin finansal
zaman serisi uygulamalar1 {izerindeki performanslarini degerlendirerek,
yatirimcilara, uzmanlara ve politika yapicilara yonelik birtakim g¢ikarimlar
sunmay! amaglamaktadir. Buna gore, mevcut aragtirmalar incelendiginde,
yenilikgi makine Ogrenmesi algoritmalarinin, finansal zaman serisi
uygulamalarinda tahmin dogrulugu ve model ¢iktilarinin yorumlanabilirligi
baglaminda oldukga tistiin performans gosterdikleri ortaya konmaktadir. Bu
modellerin, geleneksel yatirim araglarinin yani sira, yesil tahvil, temiz enerji
hisse senetleri, ESG hisse senetleri gibi siirdiiriilebilir yatirnm araglarinin
tahminlerinde de iyi performans sergiledigi anlagilmaktadir. Ozellikle iklim
riskleri, finansal krizler ve jeopolitik riskler s6z konusu oldugunda; bu
araglar yatirrmcilara ve uzmanlara portfoy ¢esitlendirmesi, riskten korunma
ve giivenli liman stratejileri sunabilmektedir. Bu baglamda ESG varliklari,
iklim riski ve jeopolitik riske kargi ¢esitlendirme arac olarak kullaniimakta
(Cepni vd., 2023; Yang vd., 2024); ESG hisse senetlerinin Rusya-Ukrayna
catigmasi stirecinde giivenli liman oldugu belirtilmekte (Katsampoxakis
vd., 2024) ve ESG hisse senetlerinin yiiksek jeopolitik risk donemlerinde
riskten korunma ve giivenli liman olma 6zellikleri tagidigr ifade edilmektedir
(Nittayakamolphun vd., 2024). Tklim kaynakl ve jeopolitik kiiresel risklerin
yiksek oldugu donemlerde finansal piyasalarin oynakligi artmakta; bu
durum yatirimcilar1 6nemli Olgiide etkilemektedir. Piyasadaki belirsizliklerin
artugr bu donemlerde politika yapicilarin siirdiiriilebilir yatirimlart tegvik
etmeleri 6nem arz edecektir.
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Bolum 7

FUCOM Tabanlt WEDBA Cok Kriterli Karar
Verme Yontemi ile Optimal Hazir Beton
Tedarik¢t Firma Seg¢imi

Sule Bayazit Bedirhanoglu'

Ozet

Degisen diinya diizeni isletmelerin rekabet yarigini gittik¢e zorlagtirmaktadir.
Isletmeler; kiiresellesme, dijital doniigiim ve belirsizlik gibi faktorlerin
etkisinde esnek, verimli ve yenilikgi politikalar sergilemek zorundadir. Bu zorlu

rekabet ortaminda, isletmelerin siirdiiriilebilir bir avantaj elde edebilmeleri

igin tedarik zinciri yonetimi, operasyonel verimin saglanmasindan miigteri

memnuniyetine kadar uzanan kritik bir siire¢ haline gelmistir. Tedarik zincir

yonetiminin stratejik agamalarindan biri olan tedarikgi se¢imi, igletmelerin

maliyet, kalite, teslimat siiresi gibi faaliyetlerini optimize etmesinin yant
sira uzun vadede amaglar1 da dogrudan etkilemektedir. Tedarik¢i segimi,
birden fazla kriter ve alternatif arasindan kapsamh olarak ¢oziilmesi gereken
problemlerdir. Cok kriterli karar verme yontemleri ayni1 anda degerlendirilmesi
gereken kriter ve alternatiflerin oldugu boylesi karmagik yapili problemlerin
¢oziimiinde kullanilan yontemlerdir. Bu galigmada, bir ingaat firmas: igin
hazir beton tedarik¢i se¢im problemi FUCOM tabanlt WEDBA ¢ok kriterli
karar verme yontemleri ile gergeklestirilmistir. Tedarik¢i se¢imi; maliyet,
kalite, teslimat stiresi, teknik yeterlilik, firma itibar1, konum, kalite belgesi
ve referans kriterleri gergevesinde 5 firma arasindan bir firmanin belirlenmesi

ile tamamlanmugtir. Firmada karar vericiler 1 proje miidiirii, 1 proje miidiir

yardimcisi, 1 ingaat mithendisi ve 1 mali igler uzmani olmak tizere 4 kisiden
olugmaktadir. FUCOM yontemi ile elde edilen sonuglara gore kalite kriteri
en yiiksek oneme sahip kriter olarak belirlenmigtir. Alternatif bes firma

arasindan A5 alternatifi en iyi alternatif olarak ilk sirada yer almugtir.

1 Dr Ogr. Uyesi, Bitlis Eren Universitesi, e-Mail: sbbedirhanoglu@beu.edu.tr
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1. Girig

Giinlimiizde kiiresellesme, dijital doniisiim ve artan rekabet durumlari
isletmelerin tedarik zincir yonetimine olan bakisini kokten degistirmistir.
Tedarik zinciri yonetimi, maliyetlerin optimize edilmesinin yani sira,
verimliligin artirlmasi, siire¢ yonetiminde kalitenin saglanmasi ve miigteri
memnuniyetinin - gergeklestirilmesi agisindan  stratejik  6neme  sahiptir.
Tedarik zincir yonetimi bir siiregtir ve bu siirecin en kritik agamasini tedarikgi
se¢imi olugturmaktadir. Tedarikgi segimi, isletmelerin uzun vadede bagarisini
dogrudan etkilemektedir. Rekabet avantajini saglamak ve sitirdiirmek isteyen
isletmeler kaliteli mal ve hizmet sunumunu gergeklestirmek igin tedarikgi
segimini sistematik bir gekilde degerlendirmeli ve bu siireci isletmenin hayati
bir islevi olarak benimsemelidir (Karamasa vd., 2021).

Tedarikgi se¢imi sadece maliyet, kalite gibi unsurlar1 degil ayn1 zamanda
teslimat stiresi, giivenilirlik, siirdiirtlebilirlik gibi unsurlar1 da igeren gok
boyutlu bir karar problemidir (Taskent ve Delice, 2021). Teknolojik
degisimlerin sinurlar1 zorladigy, siirekli doniigiim ve yenilik riizgarlarinin
estigi bir diinyada, tek bir alternatif ve kriter etkisinde karar vermek miimkiin
olmamaktadir. Birden fazla kriterin ve alternatifin s6z konusu oldugu gok
boyutlu karar problemlerinin ¢oziimiinde ¢ok kriterli karar verme yontemleri
etkin bir arag olarak kullanilmaktadir. Kriter ve alternatifler arasindan iyi/
kotii degerlendirmesi yapmak durumunda olan karar verici(ler) gok kriterli
karar verme yontemleri sayesinde biligsel yiikii en aza indirip karar alma
stirecini hizlandirmig olur (George ve Balaguru, 2024).

Ingaat sektoriinde gergeklestirilen projeler, sektoriin dinamik ve kapsamli
yapist nedeni ile iilke ekonomileri lizerinde 6nemli bir etkiye sahiptir. Bu
sektor sadece ekonomik etkileriyle degil aym1 zamanda insan hayatini da
yakindan ilgilendiren yoniiyle de biiyiik 6nem tagimaktadir. Zira tilkemizde
6 Subat 2023 tarihinde yasanan ve “asrin felaketi” olarak nitelendirilen
depremler, ingaat sektoriiniin insan hayati tizerindeki kritik roliinii bir kez
daha gozler 6niine sermistir. Ingaatin yapilacagi alanin belirlenmesinden
projenin gergeklestirilmesine kadar olan siireg ve devaminda uzun stireli
saghkli kullanim i¢in saglam yapilarin ingast kurumlarin ve bireylerin
sosyal ve vicdani sorumlulugunu gerektirmektedir. Ingaat yapim siirecinde
kullanilan hazir beton en kritik malzemelerden biridir. Dogru firma se¢imi,
ingaat projesinin kalite, dayaniklilik gibi Ozelliklerini temsilde belirleyici
faktorlerdir. Ayn1 zamanda maliyet ve zaman unsurlar1 proje yiiklenicisi
firmanin basaris1 tizerinde 6nemli unsurlar arasinda yer almaktadur.

Bircok sektorde oldugu gibi ingaat sektoriinde de malzeme maliyetleri
toplam maliyetlerin  6nemli bir boliimiinii olusturmaktadir. Ingaat
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firmalar1 rekabetgi piyasada en iyi kalitede ve en uygun maliyette iiriin
elde edebilmek ve stirdiirtilebilirligi saglamak amaciyla tedarik¢i se¢imini
onemli bir problem olarak goriip ¢oziimler aramaktadir. Tedarikgi segim
stireci, birden gok celigkili kriteri iceren karmagik yapida bir problemdir.
Cok kriterli karar verme yontemleri tedarikgi segim siirecinde, nitel ve nicel
kriterleri degerlendirmesi, en uygun alternatifi segmesi yonii ile giivenilir ve
mantikli sonuglar elde etmeyi saglayan yontemlerdir (Aytekin vd. 2023).
Bu ¢aliygmada amag; bir ingaat firmasi i¢in hazir beton tedarik¢i se¢imini
gergeklestirmektir. Bu seg¢im; 5 firma arasindan, 4 uzman karar vericinin
degerlendirdigi 8 ayr1 kriter ¢ergevesinde FUCOM tabanli WEDBA ¢ok
kriterli karar verme yontemleri ile gergeklestirilmistir.

Caligmanin diger boliimleri su sekilde organize edilmigtir: Tkinci boliimde
tedarik zinciri yonetimi, tedarikgi segimi, gok kriterli karar verme ve FUCOM
ve WEDBA yontemlerinin kullanildig1 ¢alismalarin yer aldig: literatiir
incelemesi yer almaktadir. Ugiincii bolimde FUCOM ve WEDBA ¢ok
kriterli karar verme yontemlerinin uygulama adimlar1 ve dordiincii boliimde
bir ingaat firmast igin beton tedarikgi segimi yer almaktadir. Caligma sonuglar
ve Onerilerin sunuldugu sonug boliimii ile tamamlanmaktadir.

2. Literatiir Incelemesi

Tedarik¢i segimi, igletmenin rekabet giiciinii artirmak ve miisteri
memnuniyetini siirdiirmek tizere ger¢eklestirilen tedarik zinciri yonetiminin
en onemli bilesendir. Tedarikgi se¢imi, her sektorde ig akiglarinin verimlilik,
maliyet kontrolii, kalite ve siirdiiriilebilirliginde kritik 6neme sahiptir.
Dogru tedarikgi se¢imi, miigteri memnuniyetinin artirtlmasi, rekabet
ortaminda ayakta kalabilmek ve uzun vadede bagar1 elde edebilmek adina
temel bir unsurdur. Tedarikgi segim siirecinin iyi yonetilememesi sadece
i3 akiginda aksamalara neden olmamakta ayni zamanda kalitede sorunlara,
maliyet artigina ve hatta itibar kaybina da neden olabilmektedir. Bu nedenle,
isletmeler tedarikgi segim siirecinde dikkatle kapsamli bir degerlendirme
yapmalidir. Bu sayede hem riskler azaltilabilir hem de hedeflere daha kolay
ulagilabilir. Tedarik¢i se¢imi konusunda yapilan aragtirmalar bu siirecin
onemini ortaya koymaktadir.

Cok kriterli karar verme yontemleri; karar vericilerin birden ¢ok alternatif
ve kriter ¢ergevesinde objektif ve bilimsel karar vermelerine yardimci
yontemlerin genel adidir. Tedarik¢i segim problemleri, yapist itibari ile
ok kriterli karar verme yontemleri ile ¢oziilen problemlerdir. Birden fazla
kriteri ayn1 anda degerlendirme imkani sunan bu yontemler tedarikgi segim
problemlerine sistematik ve objektif ¢oziimler tireterek literatiirde pek gok
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caliymaya konu olmugtur. Cok kriterli karar verme yontemleri ile yapilan
caligmalarincelendiginde, AHP ve ANP (He ve Zhang, 2018; Nguyen, 2019),
TOPSIS (Zhang, 2018; Chen, 2020) yontemleri ile kriterlerin belirlenmesi
ve tedarik¢i siralamalari {zerine ¢aligmalar yapildigi gozlemlenmistir.
Supgiller ve Capraz 2011, karton iiretim firmasi igin tedarik¢i se¢imini AHP
ve TOPSIS yontemleri ile gergeklestirmistir. Elektrikli arag tedarikgi segimi
VIKOR yontemi ile on dort kriter etkisinde incelenmistir (Wei ve Zou,
2022).

Ingaat sektorii, proje alaminin belirlenmesinden personel se¢imi, malzeme
tedarikgi segimi gibi konularda literatiirde birgok ¢aligmaya konu olmustur.
Omiirbek vd. (2016), ingaat yapi denetim firma se¢imini AHP ve ELECTRE
yontemlerinin biitiinlesik kullanimi ile belirlemistir. Cengiz vd. (2017),
ingaat malzemesi tedarikgi se¢imini ANP ¢ok kriterli karar verme yontemi ile
incelemigtir. Mati¢ vd. (2019), bir ingaat girketi igin siirdiiriilebilir tedarikgi
se¢imini FUCOM, COPRAS, ARAS, WASPAS, SAW ve MABAC ¢ok
kriterli karar verme yontemlerinin biitiinlesik kullanimu ile gergeklestirmistir.
Tedarikgi seg¢imi maliyet, kalite, teslimat, esneklik, teknolojik yeterlilik,
mali yeterlilik, ortaklik iliskileri, itibar, giivenlik, egitim vb. bir ¢ok kriter
kapsaminda gergeklestirilmigtir. Kog¢ (2020), bulanik TOPSIS yontemi ile
hazir beton sektoriinde dort tedarikgi firma arasindan segim gergeklestirmistir.
Hoseini vd. 2021 yilinda yaptiklar: ¢aligmada siirdiiriilebilir tedarikgi se¢imi
i¢in bulanik en iyi-en kotii yontemi ile bulanik ¢ikarim sistemi yontemini
hibrit olarak kullanmugtir. Ghafoori ve Abdallah (2024), ingaat malzemesi
ve tedarikgi se¢im siirecini gelistirdikleri MSSM-malzeme ve tedarikgi se¢im
modeli ile incelemigtir. TOPSIS ok kriterli karar verme yontemi ile malzeme
segimini ger¢eklestirmistir.

Pamucar vd. (2018) tarafindan gelistirilen FUCOM yontemi kriter
agirhiklarinin subjektif’ olarak belirlenmesinde kullanilan bir yontemdir.
Yontem az sayida ikili kargilagtirma gereksinimi ve kriterler arasinda tutarl
bir ikili kargilagtirmasi yonii ile diger gok kriterli karar verme yontemlerine
gore daha avantajlidir. Noureddine ve Ristic, (2019), tehlikeli madde
tagimaciliginda rota kriterlerini FUCOM ile onceliklendirmig ve TOPSIS-
MABAC ile tedarikgileri degerlendirmigtir. Bir igletme igin bulut hizmet
saglayict se¢imi (Arman ve Kundake1,2023), kireg iretiminde siirdiiriilebilir
tedarikgi se¢imi (Durmié,, 2019), siirdiirtilebilir tedarik¢i se¢imi (Stevic
vd., 2019) FUCOM yontemi ile incelenmistir. Yazdani (2020), lojistik
merkezi lokasyon tercih siralamasini veri zarflama, FUCOM ve CoCoSo
yontemlerinin kaba kiime teorisine entegresi ile belirlemigtir.
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WEDBA yonteminin  kullanildigr  galigmalar incelendiginde, gesitli
alanlarda, farkli yontemlerle entegre kullamldigr goriilmistiir. Tiirk
tiniversitelerinin  akademik performanslarimi MEREC tabanli WEDBA
yontemleri ile swralamugtir (Kara vd., 2024). Isik, finansal performans
analizinde kriterleri AHP ve CRITIC yontemleri ile agirhklandirmig ve
siralamada WEDBA yontemini kullanmugtir. Garg vd, (2017), AHP,
COPRAS ve WEDBA yontemlerinin bulanik kiimeler ile kullanimini
e-Ogrenme web sitesi se¢iminin belirlenmesinde kullanmugtir.  Ulutag
(2020), istifleyici segimi, Basar ve Tolga (2020), dikey akilli tarama segimi
problemlerini WEDBA yontemi ile ¢oziimlemistir. Al-Hawari vd. (2019),
otomotiv iiretim sirketi igin bes tedarikg¢i degerlendirmesini bulanik WEDBA
yontemi ile gergeklegtirmigtir.

Literatiir incelendiginde FUCOM ve WEDBA yontemlerinin gesitli
caliymalarda kullanildigr  gozlemlenmigtir. Her iki yontemin  birlikte
kullanildigr sinuirlt sayida galigmaya rastlanmugtir. Bu ¢aliymada bir ingaat
firmas1 igin hazir beton tedarikgi segiminde kriterlerin agirhklart FUCOM
yontemi ile belirlenmisti. FUCOM yontemi subjektif degerlendirmelerde
karar vericilerin goriiglerini dikkate alarak degerlendirme imkani sunmaktadir.
Elde edilen kriter agirliklart WEDBA yontemine entegre edilerek hazir beton
tedarikgi beg firma siralanmugtir.

3. Metodoloji

Birden fazla kriter etkisinde ve birden fazla alternatif arasindan se¢im
yapmaya dayali karar verme problemlerinin ¢oziimiinde ¢ok kriterli karar
verme yontemlerinden yararlanilir. Alternatifler arasindan segim yaparken
karar1 etkileyen en onemli faktor, s6z konusu kriterlerin alternatifler
tizerindeki 6nem derecesini-agirliklarini belirlemektir. Kriterler farkli 6nem
agirliklarina sahip olmasi nedeniyle, alternatif segimi de bu agirliklara bagh
olarak degisecektir. Bu boliimde kriterlerin agirliklandirilmasinda kullanilan
FUCOM yontemi ve alternatiflerin siralamasinda kullanllan WEDBA
yontemlerinden bahsedilecektir.

3.1. FUCOM Yontemi

Pamucar vd. (2018) tarafindan literatiire sunulan FUCOM -Tam
Tutarhibk Yontemi (Full Consistency Method) dogrusal programlama
temelli bir yaklagimdir. Subjektif agirliklandirma amaci ile kullanilan yontem
diger agirhklandirma yontemlerinden (AHP, AND, SAW vs.) su ozellikleri
ile farklilagmaktadir:

- n adet kriter, n-1 adet ikili kargilagtirmaya tabidir.
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- Grup karar verme siireglerinde kullanilabilir.

- Kriter agirliklarinin glivenilir gekilde hesaplanmasini saglar (Ecer, 2020,
Ozdagoglu vd., 2021).

Yontem; kriter agirhiklarinin elde edilmesi igin; kriterlerin agirlik
katsayilar1 arasindaki iligkilerin  kriterlerin  kargilagtirmali  6nceliklerine
esit olmast ve matematiksel gegisliligin saglanmasi kogullarinin yerine
getirilmesini ~ gerektirir  (Pamucar ve Ecer, 2020). Kisitlamalarin
belirlenmesi ve modelinin ¢oziilmesi ile elde edilen optimal agirliklara ek
olarak tam tutarhilik sapma (TTS) derecesi elde edilir. TTS derecesi kriter
agirliklarinin kriterlerin tahmini kargilagtirmali 6nceliklerden sapma degerini
gostermektedir. TTS degeri kriter agirhiklarinin giivenilir oldugunu gosterir
ve degerin 0’a yaklagmasi bu giiveni daha da artinr. FUCOM yonteminin
ii¢ adimdan olusan igleyisi asagida sunuldugu gibidir (Pamucar, 2018, Ecer,
2021, Aysin ve Asan, 2021,):

1. Adim: Kriterler siralanir: Kriterler (C = C|,C,,...,C, ) en yiiksek
agirlik katsayisina sahip olmast beklenenden, en az 6nem derecesine sahip
olmas1 beklenene dogru, diger bir ifade ile en 6nemliden en az 6nemliye
dogru denklem (1)’de verildigi gibi siralanur.

Cuy>Cip>--Cyp (1)

k gozlenen kriter sayisin1 gostermek iizere eger kriterler arasinda aym
oneme sahip iki veya daha fazla kriter varsa, kriterler arasina “>” simgesi

(19 >

yerine “=" simgesi yerlestirilir.

2. Adim: Kriterlerin karsilastirmali 6nemi belirlenir: Siralan kriterler
kargilagtirlarak  kargilagtirmali 6nemi | @) Dbelirlenir. Degerlendirme
kriterlerinin kargilagtirmali 6nem vektorleri denklem (2)’de verildigi gibi

elde edilir.
DP=D,,,Dy35., Dy (2)

FUCOM yontemi, kriterlerin ikili kargilagtirlmasini tamsayi, ondalik
deger veya 6nceden taniml bir 6l¢ek degeri kullanarak gergeklestirme imkani
sunar.

3. Adim: Kriterlerin 6nem agirliklar: hesaplanir: Kriter agirliklarinin
e . T o
nihai degerleri (Wl,wz,...,w ) hesaplanir. Agirlik katsayilarinin nihai

degerlerinin hesaplanmast igin su iki kogulu saglanmalidir:

Agirlik katsayilarinin orani, 2. adimda tanimlanan gozlemlenen kriterler
arasindaki kargilagtirmal 6nceligine (¢, ,,,) esittir (denklem 3).
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= Orikn 3)

Agirlik katsayilarinin son degerleri matematiksel gegislilik kogulunu (

. w
Prcs(k1) ®¢(k+1)/(k+z) = Peks2)) saglamalidir. Aymi zamanda, Prsrsr) = —=
k+1
+1
Ve Plrary(kiz) = et oldugundan dolayr —-@ TS = Mg
2 Wi Wis2 Wii2

edilir. Boylece degerlendirme de yer alan kriterlerin agirhik katsayilarinin
nihai degerlerinin gergeklestirmesi gereken bir bagka kosul denklem (4)’te

verildigi gibi elde edilmis olur.

w
= Pr (k1) ® Plks1yi(k+2) (4)
Wk+2

Minimum TTS (&) diger bir ifade ile tam tutarlilik yalnizca gegislilige
tam olarak uyuldugu zaman gergeklesir. Yani denklem (3) ve denklem
(4) kogullar1 saglandiginda minimum TTS elde edilmis olur. Boylece
maksimum tutarlilik (0.000) saglanir ve TTS degeri X' =0 olur. Bu
kosullarin saglanabilmesi igin (Wl,wz,...,wn) degerlerinin, X degerinin
minimizasyonu i¢in;

lw
i Prseany| X,
Wi
T M/ Prssy < ®(0( ka)(ke2)| = X kogullarinin  gergeklesmesi
gerekir. Wis2

Son olarak degerlendirme kriterlerinin agirlik katsayilarimin  nihai
degerleri denklem (5)’te verilen dogrusal programlama modelinin ¢6ziimii
ile belirlenir.
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min X
dyle ki,
W,
ﬂ - (P K < x; V]
Witk+1) k+1 p
Wi ()
———— @k QOr+n| =X,V
Witk+2) k+1 k+2)
n
ij =1Lw; =20,V
j=1

Denklem (5)’te yer alan mo;ielin ¢oziimi ile degerlendirme kriterlerinin
nihai degerleri (w;,w,,...,w,)  ve TTS (X') derecesi elde edilir.

n

3.2. WEDBA Yontemi

WEDBA yontemi, 2011 yilinda literatiire girmistir. Agirlikli Oklid
uzaklik mesafesine dayanmaktadir. Yontem, segeneklerin en iyi ve en kotii
olma durumlarina olan uzakhig: dikkate alarak degerlendirme yapmaktadir.
Yapilan bu degerlendirmeler; nesnel agirliklar, 6znel agirliklar ve nesnel ve
Oznel agirliklarin kombinasyonu olmak iizere tige ayrilmaktadir. Yontemin
uygulama adimlar agagida verildigi gibi alti1 adimdan olugmaktadir (Rao ve
Singh, 2012, Bozkurt ve Simsek, 2024).

1. Adim: Karar matrisinin olusturulmasi: m segenck ve n kriterden
olusan karar matrisi denklem (6)’da gosterildigi gibi olusturulur.

D=[x] (6)
2. Adim: Karar matrisinin normalize edilmesi: Karar matrisi fayda

yonli kriterler i¢in denklem (7) ve maliyet yonlii kriterler i¢in denklem (8)
aracihigy ile normalize edilir.

Yij

" max(3,) 7
xij :m (8)
Vi

3. Adim: Normalize degerlerin standartlastirilmasi: Denklem (9)’da
x; nin standartlagtinlmig degeri Z,; verilmistir.
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X..
z =21 0 9)

M;, ] kriterin ortalama degeri denklem (10) ve o, j. kriterinin standart
sapmast denklem (11) araciligs ile hesaplanur.

:n—lxii
p, == (10)
m

m 2
%:JZH@ﬁM) (11)

m

4. Adim: Ideal ve anti-ideal noktalarin belirlenmesi: En gok arzu
edilen kriter degerlerinin kiimesi ideal nokta (Zl.;f ), hi¢ arzu edilmeyen
veya en az arzu edilen kriter degerlerinin kiimesi anti-ideal nokta (Z;)
standartlagtirilmig karar matrisinden denklem (12) ve denklem (13) araciligy
ile elde edilir.

Z; =max(Z;) (12)
Z,;, =min(Z;) (13)

5. Adim: Karar alternatiflerinin agirlikli Oklid uzakliklart ve indeks
skorlarinin hesaplanmasi: Indeks skorunun hesaplanmast igin agrliklt
Oklid uzakliklar1 denklem (14) ve (15) araciligi ile hesaplanr.

WED; =Ji{w(n—y&)}2 (14)

J=1

WED; = JZ{W x(, =35} 1)

=

Denklem (16) ile her bir alternatif i¢in indeks puani elde edilir. En diigiik
indeks puanina (I.S;) sahip olan alternatif en iyi performansa sahip alternatif
olarak degerlendirilir.
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_ WED;
' WED; +WED}

(16)

Indeks puani, bir alternatifin ideal ¢oziime gore yakinhgini temsil
etmektedir. Belirli bir alternatifin indeks puani ne kadar yiiksek ise alternatif
ideal ¢6ztime o kadar yakin olur. Diger bir ifade ile en yiiksek indeks puanina
sahip olan alternatif en iyi alternatif olarak degerlendirilir (Rao ve Singh,
2012).

4. Bir Ingaat Firmas1 i¢in Hazir Beton Tedarikgi Segimi

Bu ¢aligmada, bir ingaat firmasi igin hazir beton tedarikgi firma
segimi FUCOM tabanli WEDBA ¢ok kriterli karar verme yontemleri ile
gergeklestirilmigtir. Caliymada temel amag karar vericilere en uygun hazir
beton tedarikgi firmayr belirlemede yardimci olmaktir. Ingaat firmasinin
temel yapi malzemelerinden biri hazir betondur. Firmanin zamaninda,
saglam ve diisiik maliyette ingaat yapimi, tedarikgi firma se¢imi ile yakindan
iligkilidir. Birden fazla kriter ve alternatifin oldugu segim problemlerinde
en 6nemli belirleyici kriterlerin alternatifler tizerinde ne derecede 6nemli
oldugunun belirlenmesidir. Kriterlerin farkli agirhiklara sahip olmasi
alternatit’ segimlerini de degistirecektir. Bu nedenle hazir beton tedarikgi
tirma belirlenirken 6ncelikle segimde etkili olan kriterlerin FUCOM yo6ntemi
ile agirlik degerleri belirlenmigtir. Tedarik¢i firma se¢iminde etkili olan
kriterler literatiir incelemesi ve uzman goriiglerine bagvurarak belirlenmistir.
Caligmada yer alan kriterler ve kodlar1 Tablo 1’de verilmistir.

Tablo 1: Hazw Beton Tedavikei Segimi icin Degerlendirme Kviterleri ve Kodlar:

KRITERLER

K1- Maliyet

K2- Kalite

K3- Teslimat stiresi
K4- Teknik yeterlilik
K5- Firma itibar
K6- Konum

K7- Kalite belgesi
K8- Referans

Insaat firmasinda hazir beton tedarikgi firma segimi igin karar vericilerin
gortiglerine bagvurulmugtur. Bu karar vericiler 1 proje miidiirii, 1 proje
miidiir yardimcisi, 1 ingaat miihendisi ve 1 mali igler uzmani olmak iizere
dort kigiden olugmaktadir. Tablo 1°de verilen kriterler gergevesinde faaliyette
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bulunan 5 hazir beton firmasi karsilagtinlmustir. Oncelikle FUCOM
yontemi ile kriter agirliklar: elde edilmigtir. Karar vericiler tarafindan yapilan
degerlendirmeler dogrultusunda kriterlerin 6nem siralamalar1 Tablo 2°de
verilmistir.

Tablo 2. Kriterlerin Onem Swalamalar:

Karar Verici 1 K4>K2>K7>K8>K1>K3>K6>K5
Karar Verici 2 K2>K3>K4>K1>K5>K8>K7>K6
Karar Verici 3 K1>K2>K4>K6>K3>K5>K8>K7
Karar Verici 4 K2>K7>K3>K6>K1>K4>K5>K8

Karar vericiler, kriterlerin kargilagtirmali 6nceliklerini Saaty tarafindan
onerilen 1-9 skalasina gore degerlendirmistir. Tkili kargilastirmalar iki sekilde
gergeklestirilebilir. Birincisi; once kriterler siralanmir sonra kendi aralarinda
kargilastirihr. Tkinci sekil kargilagtirma ise en 6nemli kriterin diger kriterler ile
kargilagtirilmasi geklinde gerceklestirilir (Pamucar vd, 2018). Bu ¢aligmada
kriter kargilagtirmalar1 en 6nemli kriterin diger kriterler ile kargilagtirilmasi
seklinde gergeklestirilmigtir. Tablo 3’de karar verici degerlendirmeleri ile
elde edilen kriter 6nceliklerine gore degerlendirmeler yer almaktadir.

Tablo 3. Kriterlevin Onceliklevine Gove Degerlendivilmeleri

Onem Sirasina Gore Kriterler | 1 2 3 4 5 6 7 8
Karar | Kriter K4 | K2 | K7 [ K8 | K1 [ K3 [ K6 | K5
Verici 1 [ peserlendieme |1 |2 |4 |5 |6 |7 |8 |9
Karar | Kriter K2 | K3 | K4 [ K1 [ K5 [ K8 [ K7 | K6
Verici 2 | peserlendirme |1 |3 |4 |5 |6 |7 |8 |9
Karar | Kriter KI | K2 | K4 [ K6 | K3 [ K5 | K8 | k7
Verici 3 | pDeserlendirme |1 |2 |3 |4 |5 |6 |7 |8
Karar | Kriter K2 | K7 | K3 | K6 | K1 | K4 | K5 | K8
Verici4 [ peserlendirme |1 |3 |4 |5 |6 |7 [8 |9

Karar vericilerin degerlendirmeleri sonrasinda denklem (5)’te verilen
modelin LINGO paket programinda ¢6ziimii ile kriterlerin agirliklar: elde
edilmigtir. Karar vericilerin ayr1 ayr1 goriisleri ile elde edilen kriter agirliklart
Tablo 4’te verilmigtir. Karar vericiler igin hesaplanan kriter agirliklarinin
aritmetik ortalamasi alinarak nihai agirliklar elde edilmig olur.
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Toblo 4. Hazw Beton Tedavikgi Secimi icin Kriterlevin Agwliklar:

Kriterler Karar Karar Karar Karar Kriterlerin
Verici 1 Verici 2 Verici 3 Verici 4 Nihai

Agirliklar:
K1 0,067 0,086 0,368 0,072 0,148
K2 0,200 0,429 0,184 0,429 0,310
K3 0,058 0,143 0,074 0,107 0,096
K4 0,400 0,107 0,122 0,061 0,172
K5 0,045 0,072 0,061 0,053 0,058
K6 0,050 0,048 0,092 0,086 0,069
K7 0,100 0,054 0,046 0,143 0,086
K8 0,080 0,061 0,053 0,048 0,061

Tablo 4°de goriildiigi tizere K2 (kalite) 0,310 agirlik skoru ile en 6nemli
kriter olarak belirlenmigtir. K2 kriterini siras1 ile K4 (teknik yeterlilik),
K1 (maliyet), K3 (teslimat siiresi), K7 (kalite belgesi), K6 (konum), K8
(referans) ve K5 (firma itibar1) kriterleri izlemektedir. Bunlara ek olarak
tiim karar vericiler i¢cin TTS (tutarlilik sapma derecesi), karar verici 1 i¢in
0,00022, karar verici 2 i¢in 0,00022 karar verici 3 i¢in 0,00021 ve son olarak
karar verici 4 i¢in 0,00022 olarak elde edilmigtir. Tiim karar vericiler igin
TTS degeri sifira gok yakin olup bu durum kriter agirliklarinin giivenilirligini

ortaya koymaktadir.

FUCOM yontemi ile kriterlerin agirliklar: belirlendikten sonra WEDBA
yontemi uygulanarak alternatifler siralanmigtir. Hazir beton tedarikgi segimi
i¢in karar matrisi Tablo 5°de verildigi gibi olusturulur.

Tablo 5. Hazw Beton Tedarikei Secimi igin Karar Matrisi

Alternatifler K1 K2 K3 K4 K5 K6 K7 K8

Kriter Yonit min max min max max min max max
Al 3,83365863 |3,872983|5,803009 |2,54573 |4,28139 |3,935979 [4,582576 |7,968565
A2 6,16014058 |4,3558774,325308 |2,710806 |7,325683 | 5,825901 |4,527019 | 3,722419
A3 3,20108587 |3,9842836,735368 [5,00997 |7,706943 |2,632148 |6,928203 |6,653712
A4 4,11953429 (4,242641 (2,114743 |5,825901 |4,409334 |4,820571 |5,421612 | 2,44949
A5 4,35587717 (4,738137 [4,680695 |3,0274 |6,0548 |4,924298 |3,08007 |1,934336

Denklem (7) ve denklem (8) araciligt ile baglangi¢ karar matrisi normalize
edilerek Tablo 6’da sunulmugtur.
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Tablo 6. Normalize Karar Matrvisi

Alternatifler | K1 K2 K3 K4 K5 K6 K7 K8
Al 0,83499502 |0,817406 | 0,364422 |0,436968 | 0,555524|0,66874 |0,661438|1
A2 |0,51964494 |0,919323|0,488923 |0,4653020,95053 |0,451801 [0,653419 [0,467138
A3 1 0,840896 |0,313976 0,859948 |1 1 1 0,834995
A4 |0,77705043 [0,895424 1 1 0,572125 |0,546024 |0,782542 [0,307394
A5 0,73488892 |1 0,451801 [0,519645 | 0,785629 0,534522 |0,44457 |0,242746

Tablo 6°da, x;; minimizasyon yonlii maliyet kriteri igin denklem (8)

aracihgy ile x;, =

3,20108587

3,83365863

(9) ile elde edilen standardize karar matrisi Tablo 7°de verilmistir.

Tablo 7. Standavdize Kavar Matrisi

=0,83499502 degeri elde edilir. Denklem

Alternatifler K1 K2 K3 K4 K5 K6 K7 K8
Al 0,17816511 |-1,20384 |-0,64796 |-0,9569 |-1,1752 [0,147962(-0,2582 |1,445111
A2 -0,7327484 |0,385349 |-0,14187 |-0,83332 |0,961679|-0,97742 |-0,30229 |-0,34759
A3 0,65479496 |-0,83756 |-0,85302 [0,88786 |1,229296 |1,866381 [1,60348 |0,889988
A4 [0,01078758 |0,012692 [1,935628 |1,498676 |-1,08539 |-0,48863 |0,407727|-0,88501
A5 -0,11099924 | 1,643355 |-0,29277 |-0,59632 |0,06961 |-0,5483 |-1,45071 |-1,1025

Normalize karar matrisi standardize edildikten sonra ideal ( Z;) ve anti-
ideal (Z;/) noktalar denklem (12) ve (13) aracihgy ile Tablo 8’de sunuldugu
gibi hesaplanmugtir.

Tblo 8. Ideal ve Anti-Ideal Degerler

K1 K2 K3 K4 K5 K6 K7 K8
(Z7) 0,65479496 |1,643355 (1,935628 [1,498676 (1,229296 |1,866381 [1,60348 |1,445111
(Z;) |-0,7327484 |-1,20384 |-0,85302 |-0,9569 |-1,1752 |-0,97742 |-1,45071 |-1,1025

Son agamada alternatiflerin ideal noktalara olan uzakliklart (WED,")
denklem (14) ve alternatiflerin ideal olmayan uzakliklar1 (WED, ) denklem
(15) kullanilarak hesaplanir. Denklem (16) kullanilarak hesaplanan indeks
skorlart (IS;) ve alternatiflerin siralamalar1 Tablo 9’da sunuldugu gibi
hesaplanmugtir.
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Tablo 9. Indeks Skorlar: ve Alternatiflerin Swalamas:

Alternatifler WED; WED; IS, Siralama
Al 1,044418 0,243435 0,189024 5
A2 0,693112 0,524453 0,430739 3
A3 0,822102 0,545397 0,398828 4
A4 0,587357 0,656714 0,527875 2
A5 0,571198 0,894613 0,610319 1

Tablo 9°da sunulan indeks skorlar1 ve siralamalar incelendiginde A5
alternatifinin 0,610319 degeri ile ilk swrada yer aldigr goriilmektedir.
A5 alternatifini siras1 ile A4, A2, A3 ve Al alternatifleri izlemekte olup
siralamalar;; A5>A4>A2>A3>A1 olarak elde edilmistir.

Sonug

Tedarikgi segimi, diger sektorlerde oldugu gibi ingaat projelerinde de
kalite, maliyet ve zamaninda tamamlama tizerinde stratejik etki olugturacaktir.
Ozellikle deprem, sel gibi dogal afet riskinin yiiksek oldugu iilkemizde
standartlara uygun, dayanikli, uzun 6miirlii yapilar hayati rol oynamaktadir.
Insaat projelerinde kapsamli tedarikgi se¢imi uzun vadeli performanslari
dogrudan etkilemektedir. Tedarik¢i se¢im karari, kalite, maliyet, zaman
gibi unsurlar agisindan birden fazla kriter etkisinde ve alternatif arasindan
gergeklestirilmektedir. Bu nokta da ok kriterli karar verme yontemlerinden
yararlanilir.

Bu ¢aligmada bir ingaat firmast i¢in hazir beton tedarikgi se¢imi FUCOM
tabanlt WEDBA ¢ok kriterli karar verme yontemleri ile gerceklestirilmigtir.
Ingaat firmast 6 Subat 2023 depremlerinden énemli diizeyde etkilenen
illerden birinde 456 adet konut yapimini {iistlenmistir. Bu biiyiik capli
proje, zaman ve siire¢ yonetimi ve tedarikg¢i seciminde iizerinde kapsaml
aragtirtlma yapilmasini gerektirmektedir. Ingaat firmasinin faaliyetlerinde
onemli bir alan tutan hazir beton tedarikgi segimi biitiinlesik ¢ok kriterli
karar verme yontemleri ile gerceklestirilmistir. FUCOM yontemi ile tedarikgi
se¢iminde etkili olan maliyet, kalite, teslimat siiresi, teknik yeterlilik, firma
itibar, konum, kalite belgesi ve referans kriterlerinin 6nem diizeyleri
(agirhik skorlart) belirlenmigtir. Degerlendirme; ingaat firmasinda st diizey
kararlara imza atan 1 proje miidiirii, 1 proje miidiir yarimcisi, 1 ingaat
miihendisi ve 1 mali igler uzmani olmak iizere 4 uzman goriigii gergevesinde
gerceklestirilmistir. Proje miidiirii, yiiksek ingaat miihendisi unvanina sahip
olup ingaat sektortinde 16 yillik tecriibeye sahiptir. Proje miidiir yardimcisi
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elektik miihendisi olup sektorde 9 yillik tecriibeye sahiptir. Ingaat mithendisi
karar verici, sahada ¢aligmakta olup benzer projelerde 7 yilli agkin bir siiredir
caligmaktadir. Uzman olarak goriigiine bagvurulan bir diger karar verici mali
isler uzmani igletme mezunu olup finansal konularda yetkindir. FUCOM
yontemi ile yapilan analiz sonucunda K2 (kalite) kriteri 0,31 skor ile en
yiiksek 6neme sahip kriter olarak belirlenmigtir. K4 (teknik yeterlilik) kriteri
0,172 skor ile ikinci 6nemli kriter olarak belirlenmistir. Bu kriterleri 6nem
derecelerine gore sirast ile K1 (maliyet), K3 (teslimat siiresi), K7 (kalite
belgesi), K6 (konum), K8 (referans) kriterleri izlemistir. K5 (firma itibar)
kriteri ise 0,058 skor ile en diigiik 6neme sahip kriter olarak belirlenmistir.
FUCOM yontemi ile elde edilen kriter agirliklarinin WEDBA yontemine
entegresi ile 5 hazir beton tedarikgi firmasi siralanmugti. WEDBA yontemi
ile yapilan analizler sonrasinda A5 alternatifi en iyi alternatif-en 1yi tedarikgi
firma olarak belirlenmistir.

Caliygma FUCOM/WEDBA yaklagimlarinin tedarikgi se¢iminde verimli
bir sekilde kullanilabilecegini gostermistir. Yontemler kolay ve kisa stirede
hesaplama imkini nedeni ile etkin sonuglar ortaya koymaktadir. Bu
caligmanin sinirt 5 biyiik firmanin degerlendirilmis olmasi geride onlarca
firma degerlendirmeye dahil edilmemis olmasidir. Gelecekte yapilacak
caligmalarda daha fazla firma ile degerlendirme yapilabilir. Ayn1 zamanda
yontemler tek bagina, bagka yontemler ile entegre edilerek veya bagka gok
kriterli karar problemlerinin ¢6ziimiinde kullanilabilir.
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Chapter 8

Predicting and Interpreting Employee Attrition
with Machine Learning Models: An Application
on the HR Analytics Dataset 3

Cansu Ergeng Ozdas’

Abstract

Employee retention is a critical challenge in modern organizations, as
high rates of turnover can negatively impact organizational productivity
and increase operational costs. The rise of data-driven decision-making
in human resources management has enabled organizations to leverage
advanced analytics and machine learning techniques to better understand the
factors influencing employee attrition and to predict which employees are
at risk of leaving. This chapter presents an application of various machine
learning algorithms—including logistic regression, decision trees, random
torests, and gradient boosting—on the open-source IBM HR Analytics
Employee Attrition & Performance dataset. The analysis aims not only
to achieve accurate predictions of employee turnover but also to provide
actionable insights into the underlying determinants of attrition using model
interpretability techniques such as SHAP (Shapley Additive Explanations).
Key variables including job satisfaction, monthly income, years at company,
and work-life balance are explored in detail to identify their relative
importance in predicting employee departure. The findings are intended to
assist human resource managers in developing proactive strategies to enhance
employee engagement and retention. This chapter demonstrates the practical
value of machine learning models in human resources analytics, offering both
predictive power and interpretability to support evidence-based management
decisions.

1 Management Department, Business School, Ankara Yildirim Beyazit University,
Ankara, Tarkey
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1. Introduction

Employee turnover remains a persistent and multifaceted challenge for
organizations across various industries, as the departure of skilled personnel
can significantly disrupt business operations, erode valuable organizational
knowledge, and lead to substantial financial burdens in terms of recruitment,
onboarding, and lost productivity (Avrahami et al., 2022). High attrition
rates are associated not only with declines in organizational performance and
efficiency but also with increased operational costs, weakened competitive
positioning, and the risk of losing critical institutional memory. Moreover,
trequent turnover can undermine employee morale, erode trust in leadership,
reduce team cohesion, and hinder the achievement of long-term strategic
objectives, making it increasingly difficult for organizations to build and
maintain a committed, motivated, and high-performing workforce. In
dynamic and knowledge-intensive sectors, the loss of experienced employees
may even jeopardize innovation capacity and disrupt key client relationships.
For these reasons, understanding the underlying drivers, patterns, and
mechanisms of employee attrition has become a strategic imperative for
human resources (HR) professionals, managers, and organizational leaders
who seek to foster a stable, productive, and engaged workforce (Kim et al.,
2023).

Historically, the analysis and prediction of employee turnover have relied
heavily on traditional methods such as retrospective surveys, descriptive
statistics, correlation analyses, and regression-based approaches (Somers,
1999). While these techniques have provided valuable initial insights into
the factors influencing turnover—including demographic characteristics,
job satisfaction, compensation, work environment, leadership quality, and
opportunities for career advancement—they are often constrained by their
inability to capture the complex, nonlinear, and interactive effects that can
exist among a multitude of variables. Traditional models typically assume
linearity and independence among predictors, which may not reflect the
reality of modern organizational dynamics, where multiple internal and
external forces simultaneously shape employee attitudes and behaviors.
Furthermore, such approaches may struggle to incorporate and interpret
unstructured or high-dimensional data—such as text from exit interviews,
teedback surveys, emails, or large volumes of digital HR records—thereby
limiting their explanatory and predictive power in today’s data-rich
environments.

As organizations increasingly collect vast and diverse datasets through
digital HR management systems, wearable technologies, and online
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platforms, the limitations of conventional analytic frameworks have become
even more pronounced. For example, sentiment analysis of open-ended
survey responses or social network analysis of workplace communications
can provide rich contextual understanding of employee engagement and
intentions—data types that are not easily integrated into classical statistical
models. Moreover, modern organizations operate in environments
characterized by rapid change, remote and hybrid work arrangements, cross-
functional teams, and shifting employee expectations. These complexities
introduce new and evolving variables that can interact in unexpected ways,
making turnover prediction a moving target for HR professionals.

Consequently, there is a growing consensus among researchers and
practitioners that more advanced analytical approaches are necessary to
tully leverage the potential of contemporary workforce data. This includes
not only capturing complex nonlinear relationships but also integrating
structured and unstructured data sources, accounting for time-varying effects,
and enabling real-time predictive insights. The transition from traditional
statistical methods to more sophisticated computational techniques, such as
machine learning and artificial intelligence, represents a critical step toward
developing a deeper, more nuanced understanding of employee attrition
and enabling organizations to respond proactively to emerging workforce
challenges.

The limitations of conventional statistical models become particularly
pronounced in contemporary organizational settings, where rapid
digitalization, shifting labor market dynamics, and evolving employee
expectations continuously introduce new variables into the equation.
In response to these challenges, organizations are increasingly seeking
innovative solutions that go beyond traditional analytic frameworks. The
rapid expansion of digital HR systems, the integration of workforce analytics
platforms, and the increasing availability of large-scale, granular employee
datasets have presented both scholars and practitioners with unprecedented
opportunities to understand and manage turnover more effectively. This
digital transformation enables the continuous collection and real-time
analysis of diverse employee data points, ranging from performance metrics
and engagement survey results to social network interactions and even
biometric data.

Against  this backdrop, advanced computational and analytical
techniques—most notably, machine learning methods—have emerged
as powerful tools for modeling, understanding, and predicting employee
attrition with greater sophistication and accuracy (Novia & Yuadi, 2023).
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Unlike traditional statistical approaches, machine learning algorithms possess
the capacity to model complex interactions, capture nonlinear relationships,
and automatically detect subtle patterns in large, multidimensional datasets.
Methods such as decision trees, random forests, gradient boosting, and deep
learning can accommodate a wide array of predictor variables, including
both structured and unstructured data, while handling multicollinearity
and interaction effects with minimal manual intervention. These techniques
enable researchers and practitioners to uncover hidden risk factors, latent
dependencies, and previously overlooked determinants of turnover, oftering
insights that are both more granular and more predictive than those provided
by classical approaches.

Moreover, the adoption of machine learning in the context of employee
turnover is not limited to predictive modeling. The growing emphasis
on interpretability and transparency in artificial intelligence has led to
the integration of explainable machine learning tools—such as SHAP
values and LIME—that help HR leaders and stakeholders understand the
reasoning behind predictions, identify the most influential variables, and
translate analytic findings into actionable strategies. This confluence of big
data, advanced analytics, and interpretability is redefining the possibilities
of evidence-based human resource management, enabling organizations
to move from reactive responses to proactive, data-driven talent retention
interventions.

The evolving landscape of employee turnover research reflects a broader
shift in organizational analytics, where the integration of digital technologies
and sophisticated computational methods offers a transformative potential
to enhance workforce stability, optimize HR policies, and ultimately drive
organizational success.

In light of these evolving challenges and opportunities, the present
study systematically applies several machine learning algorithms—including
logistic regression, decision trees, random forests, and gradient boosting—
to the widely recognized IBM HR Analytics Employee Attrition &
Performance dataset. The primary aim of this research is twofold: first, to
improve the accuracy and reliability of employee attrition predictions by
harnessing the power of advanced machine learning models; and second, to
identify and interpret the key factors that drive turnover, using sophisticated
interpretability tools such as SHAP (Shapley Additive Explanations) values.

By employing these models and interpretability techniques, the study not
only seeks to address the inherent complexities of employee turnover, but
also strives to make the analytical process more transparent and actionable
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for human resource practitioners. Unlike “black box” models that yield
predictions without explanatory context, the integration of interpretability
tools enables decision-makers to understand which variables—such as job
satisfaction, tenure, compensation, work-life balance, and overtime status—
most significantly contribute to the risk of attrition. These insights are
intended to provide a robust, data-driven foundation for developing targeted
employee retention strategies, designing proactive HR interventions, and
supporting more effective, evidence-based management decisions. The
findings of this research are expected to reinforce the practical value of
machine learning in human resources analytics, highlighting not only the
predictive power but also the interpretability and strategic applicability of
advanced analytical models in contemporary workforce management.

2. Literature Review

Employee turnover has long constituted a central topic of concern in
organizational research, with scholars dedicating extensive attention to
understanding both its antecedents and its far-reaching consequences (Oh &
Chhinzer, 2021; Kim & Park, 2017). Over the decades, traditional research in
this domain has typically concentrated on a core set of factors—including job
satisfaction, organizational commitment, compensation, work environment,
and career advancement opportunities—as primary drivers influencing an
employee’s decision to stay or leave an organization (Peters et al., 1981;
Lee et al., 2023). These variables have been examined through a variety
of statistical approaches, most notably regression analysis and structural
equation modeling, which have enabled researchers to explore both the direct
and indirect effects on turnover intentions and actual employee departure
(Margaretha et al., 2023; Shin & Jeung, 2019). The accumulated findings
from this stream of research have not only contributed to the theoretical
understanding of turnover processes but have also informed practical HR
interventions aimed at enhancing employee retention and organizational
performance.

In recent years, the landscape of turnover research has undergone a
significant transformation, spurred by remarkable advancements in data
availability, digitalization, and computational power. As organizations
increasingly implement digital HR systems and amass granular, large-scale
workforce data, scholars and practitioners alike are now equipped to move
beyond the confines of conventional methodologies. The rise of machine
learning techniques, in particular, has opened up new avenues for the analysis
and prediction of employee attrition. Unlike traditional models, machine
learning algorithms—such as decision trees, random forests, support
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vector machines, and gradient boosting—are uniquely capable of capturing
complex, nonlinear interactions among a vast array of predictor variables
(Nawafleh et al., 2021; Wu et al., 2024). Numerous studies leveraging these
algorithms have demonstrated their superior predictive performance over
classical models, achieving higher accuracy in identifying employees at risk
of leaving and uncovering intricate patterns previously masked in the data

(Swider et al., 2011; Wu et al., 2024).

However, as machinelearningmodels become more prominentinemployee
turnover research, a parallel emphasis has emerged on the importance of
interpretability. While predictive accuracy is critical, organizations also
require clear, actionable explanations for model outputs to ensure trust
and facilitate informed decision-making. To address this need, advanced
interpretability techniques such as SHAP (Shapley Additive Explanations)
and LIME (Local Interpretable Model-Agnostic Explanations) have gained
widespread adoption (Colak, 2023; Sturman & Trevor, 2001). These tools
offer the ability to decompose model predictions and highlight the relative
influence of specific variables—such as overtime, job satisfaction, or work-
life balance—on attrition outcomes. This, in turn, enhances the practical
applicability of machine learning models in HR contexts, empowering
managers to design targeted retention initiatives based on transparent,

evidence-based insights (Chen et al., 2015; Han, 2020).

The convergence of employee turnover research and machine learning
thus represents a powerful intersection for organizations striving to
proactively manage workforce stability and optimize their HR interventions.
Nevertheless, recent scholarship continues to underscore the necessity for
transparent, interpretable, and trustworthy analytical models (Kang et al.,
2024; Chovwen, 2012). Without sufticient clarity and understanding of
how model predictions are generated, the utility of even the most accurate
algorithms may be limited. As such, ongoing research increasingly highlights
the dual imperative of achieving both predictive excellence and interpretability,
ensuring that data-driven recommendations are not only reliable but also
actionable for practitioners seeking to enhance organizational outcomes
through strategic HR management.

3. Methods

In this study, a diverse set of machine learning algorithms—including
logistic regression, decision trees, random forests, and gradient boosting—
were implemented to address the dual goals of accurately predicting
employee attrition and uncovering the primary determinants contributing
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to turnover. The rationale for selecting these models stems from their proven
ability to handle the intricate, nonlinear relationships commonly observed
in workforce data, as well as their capacity to yield interpretable results
that support data-driven managerial decision-making. By leveraging these
techniques, the research aims to significantly enhance both the predictive
accuracy and the interpretability of attrition analyses, thereby supporting
proactive and evidence-based human resource management strategies.

3.1. Data Source

The analysis was conducted using the IBM HR Analytics Employee
Attrition & Performance dataset, a widely recognized benchmark in human
resource analytics research. This dataset encompasses detailed information
on 1,470 employees from a fictional organization, designed to simulate real-
world HR scenarios. It comprises 35 diverse features, capturing a broad
range of demographic variables (including age, gender, marital status), job-
related characteristics (such as department, job role, years at company, years
in current role), compensation details (monthly income, stock option level,
percent salary hike), and organizational factors (job satisfaction, work-life
balance, overtime status). The dependent variable, Attrition, is binary and
indicates whether an employee has left the company (“Yes”) or remains
employed (“No”), providing a clear and actionable target for predictive
modeling.

3.2. Data Preprocessing

Comprehensive data preprocessing steps were undertaken to ensure the
robustness and reliability of subsequent modeling efforts. Initial exploratory
data analysis was performed to detect any missing values, outliers, or
inconsistencies within the dataset. Notably, the dataset was found to be
complete, with no missing entries, eliminating the need for imputation
strategies. Categorical variables—including gender, marital status, business
travel, department, education field, job role, and overtime—were transformed
using one-hot encoding to facilitate compatibility with the chosen machine
learning algorithms. Numerical variables, such as age, years at company;,
monthly income, and distance from home, were standardized (z-score
normalization) to ensure uniformity across features and promote model
convergence. The outcome variable, Attrition, was converted to a binary
format (1 = Yes, 0 = No) to align with the requirements of classification
algorithms. Additional steps, such as outlier detection and treatment, were
considered to minimize the influence of extreme values and ensure data

quality.
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3.3. Model Development

A suite of machine learning algorithms—Ilogistic regression, decision tree,
random forest, and gradient boosting machines (GBM)—was systematically
deployed to model employee attrition. The dataset was randomly partitioned
into training and testing sets using an 80:20 split, ensuring that the class
distribution was preserved via stratified sampling. This approach was critical
in addressing the class imbalance typically present in attrition datasets, where
the number of employees who leave the company is often much lower than
those who stay. To further mitigate the effects of imbalance, class weights
were incorporated into model training when applicable. Hyperparameters
for each model were fine-tuned using grid search combined with five-fold
cross-validation, optimizing model performance while reducing the risk of
overfitting.

3.4. Model Evaluation

The predictive performance of each model was rigorously evaluated using
a comprehensive suite of classification metrics, including accuracy, precision,
recall, F1-score, and the area under the receiver operating characteristic curve
(AUC-ROC). These metrics provide a multifaceted assessment of model
effectiveness, capturing both the ability to correctly identify employees at
risk of leaving (recall) and the accuracy of these predictions (precision).
Additionally, confusion matrices were generated to offer a more granular
view of model predictions, allowing for the assessment of true positives,
true negatives, false positives, and false negatives. This approach facilitated
the identification of potential biases and limitations in the models’ predictive
capabilities, particularly in correctly identifying the minority class (employees
who leave).

3.5. Model Interpretability

Recognizing the importance of actionable insights for human resources
management, advanced model interpretability techniques were integrated
into the analysis. SHAP (Shapley Additive Explanations) values were
calculated to quantify the contribution of each feature to the overall model
predictions. This interpretability analysis enabled the identification of the
most influential factors affecting employee attrition—such as overtime
status, job satisfaction, monthly income, years at company, and distance from
home—thereby translating complex model outputs into understandable and
practical recommendations for HR decision-makers. The use of SHAP values
also allowed for the exploration of feature interactions and individualized
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risk profiles, supporting the development of targeted retention strategies
tailored to the specific needs and risk factors of different employee segments.

4. Results

4.1. Model Performance

Four machine learning algorithms were systematically evaluated in
this study—logistic regression, decision tree, random forest, and gradient
boosting machine (GBM)—to determine their effectiveness in predicting
employee attrition using the IBM HR Analytics Employee Attrition &
Performance dataset. The comparative performance metrics for these models
are presented in Table 1, which summarizes accuracy, precision, recall, F1-
score, and the area under the receiver operating characteristic curve (AUC-
ROC).

Tible 1. The comparative performance metrics for machine learning algorithms

Model Accuracy |Precision |Recall Fl-score |AUC-ROC
Logistic Regression |0.70 0.30 0.64 0.41 0.75
Decision Tree 0.77 0.27 0.26 0.26 0.56
Random Forest 0.84 0.44 0.09 0.14 0.75
Gradient Boosting | 0.85 0.59 0.21 0.31 0.79

According to the results, the gradient boosting algorithm emerged as the
top performer, achieving the highest overall accuracy (0.85), as well as the
best balance between precision and recall, reflected by its F1-score (0.31) and
AUC-ROC (0.79). These findings indicate that gradient boosting not only
makes correct predictions most often but also effectively identifies employees
who are likely to leave, without generating an excessive number of false
positives or negatives. This superior performance is consistent with existing
literature, which emphasizes the strength of ensemble learning techniques in
handling complex, nonlinear relationships in classification problems.

Logistic regression, on the other hand, achieved the highest recall
(0.64), meaning it was most effective at correctly identifying employees
who actually left the organization. However, its relatively lower precision
(0.30) and Fl-score (0.41) indicate that it also misclassified a substantial
number of employees as potential leavers who ultimately stayed, resulting
in a higher false positive rate. This trade-off between recall and precision is
typical in models that are tuned for sensitivity, especially in contexts with
class imbalance.
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The random forest model showed high accuracy (0.84) and moderate
precision (0.44), but it struggled with recall (0.09) and F1-score (0.14),
suggesting that while it was generally reliable in its predictions, it failed
to accurately capture many of the employees who left. This highlights a
potential weakness of the model in recognizing the minority class, a known
challenge in attrition prediction tasks.

Finally, the decision tree algorithm performed the weakest across most
metrics, with accuracy (0.77), precision (0.27), recall (0.26), Fl-score
(0.26), and AUC-ROC (0.56) all lagging behind the other models. Its
relatively poor performance may be attributed to its tendency to overfit the
training data and its limited ability to generalize complex patterns without
the benefit of ensemble methods.

These comparative results underscore the critical importance of selecting
appropriate machine learning algorithms and performance metrics based
on the specific goals of the analysis—whether prioritizing overall accuracy,
sensitivity to identifying at-risk employees, or the interpretability of results.
The demonstrated superiority of ensemble models like gradient boosting in
this context suggests that such approaches should be considered best practice
for similar workforce analytics challenges.

4.2. SHAP Feature Importance Analysis

The SHAP summary plot (see Figure 1) provides a comprehensive
overview of the relative contributions and importance of each variable
in the model’s prediction of employee attrition. Among the numerous
teatures included in the analysis, several emerged as particularly influential
in determining an employee’s likelihood of leaving the organization.
Notably, OverTime (Yes) stands out as the most impactful predictor, with
employees who consistently worked overtime demonstrating a substantially
higher probability of attrition, as indicated by the predominantly high
positive SHAP values associated with this feature. This finding underscores
the critical role that work-life balance and excessive job demands play in
employee turnover risk.

Additionally,variablessuchas StockOptionLevel, NumCompaniesWorked,
Age, and MonthlyIncome were found to significantly influence attrition
predictions. The SHAP analysis reveals that both the presence of stock
options and higher monthly income can shift attrition risk, although the
direction of this effect may vary based on individual employee profiles. A
greater number of previous companies worked for (NumCompaniesWorked)
and specific age brackets were also associated with distinct attrition patterns,
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suggesting that career mobility and employee lifecycle factors are important
considerations in understanding turnover dynamics.

Environmental factors also proved to be salient. EnvironmentSatisfaction
and DistanceFromHome demonstrated that lower levels of satisfaction
with the workplace environment and greater distances between home and
work are linked to an elevated risk of leaving the company. These insights
emphasize the importance of fostering a positive organizational climate and
minimizing commute-related stressors as part of retention strategies.

The SHAP plot not only highlights the overall ranking of feature
importance but also elucidates the direction and magnitude of each variable’s
impact on individual model predictions. Features with higher values (shown
in red) and those with lower values (blue) can either increase or decrease
the predicted probability of attrition, with points plotted further to the
right indicating a stronger effect towards employee departure. This level
of interpretability enables human resource practitioners to move beyond
“black box™ outputs and develop more nuanced, targeted interventions by
understanding not just which variables matter, but how they influence the
likelihood of turnover across different employee segments.
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Figure 1. SHAP summary plot

5. Discussion

The present study demonstrates the significant utility of machine
learning algorithms for predicting employee attrition and elucidating the
key determinants of turnover by leveraging the IBM HR Analytics dataset.
Through the comparative evaluation of several models—including logistic
regression, decision trees, random forests, and gradient boosting—it was
observed that gradient boosting algorithms achieved the highest overall
predictive performance. This outcome aligns with a growing body of
literature emphasizing the robustness, flexibility, and predictive power of
ensemble methods, which effectively capture complex, nonlinear patterns
and interactions within workforce data (Wu et al., 2024; Alqahtani et al.,
2024). The superior performance of gradient boosting models supports
their growing adoption in organizational analytics, particularly in domains
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characterized by intricate variable relationships and a need for high predictive
accuracy.

However, the analysis also brought to light several challenges that
persist in practical applications of machine learning to employee attrition
prediction. Most notably, the presence of class imbalance in the dataset—
where the proportion of employees who actually leave is significantly smaller
than those who remain—adversely affected the recall values of all tested
models. This phenomenon is consistent with prior research findings, which
emphasize that traditional classifiers often struggle to accurately identify
minority class events, such as actual attrition, when faced with imbalanced
data (Kim & Park, 2017; Swider et al., 2011). This limitation highlights the
ongoing need for the integration of additional data resampling techniques—
such as Synthetic Minority Over-sampling Technique (SMOTE)—or the
adoption of cost-sensitive learning algorithms that assign higher penalties to
misclassification of the minority class. Such methodological enhancements
are crucial for improving the sensitivity of predictive models, especially in
identifying employees at high risk of departure.

The feature importance analysis using SHAP values emerged as a central
contribution of this study, offering actionable and interpretable insights
into the factors that most strongly influence attrition risk. Variables such
as OverTime (Yes), StockOptionLevel, NumCompaniesWorked, Age, and
MonthlyIncome were consistently identified as the most influential predictors
across models. The finding that overtime work significantly increases attrition
risk is particularly noteworthy, as it reinforces existing evidence linking
excessive job demands and compromised work-life balance with increased
turnover intentions (Han, 2020; Kim et al., 2023). Similarly, lower levels of
job and environmental satisfaction, greater commuting distances, and higher
job mobility (i.e., more previous employers) were found to elevate attrition
risk, echoing long-standing theoretical and empirical models of employee
turnover (Peters et al., 1981; Margaretha et al., 2023). The importance of
compensation and benefits, as reflected in monthly income and stock option
levels, further substantiates established frameworks emphasizing economic
incentives and career advancement as core drivers of retention and turnover
(Griffeth et al., 2000; Chen et al., 2015).

One of the most significant practical advantages of the machine learning
approach adopted in this study is the enhanced interpretability provided by
SHAP values. Unlike traditional “black box” models, the ability to quantify
and visualize the contribution of each feature to model predictions empowers
HR practitioners to develop evidence-based, targeted interventions. For
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example, organizations can use these insights to refine overtime management
policies, tailor retention programs to address specific satisfaction gaps, and
proactively identify employees at heightened risk of departure based on
their unique risk profiles. This transition from generic to personalized HR
strategies represents a substantial advancement in the application of analytics
to workforce management, fostering both strategic decision-making and
operational effectiveness (Pepple et al., 2021; Garg et al., 2023).

Despite the strengths and novel contributions of this research, several
limitations must be acknowledged. The moderate recall values—primarily
attributable to class imbalance—limit the models’ ability to detect all
potential leavers, indicating that further improvements in data preprocessing
and model selection are warranted. Future research should systematically
explore the integration of oversampling methods such as SMOTE, as well
as advanced cost-sensitive and ensemble algorithms specifically tailored
for imbalanced classification problems (Nawafleh et al., 2021). Another
limitation pertains to the nature of the dataset itself: although the IBM
HR Analytics dataset provides a rich and diverse set of features, it is
based on simulated data from a fictional organization. Consequently, the
generalizability of findings to real-world organizational settings or different
industries may be constrained. Additional studies leveraging empirical data
from various sectors and organizational contexts are necessary to validate
and extend the applicability of these findings.

This research underscores the substantial potential of machine
learning—and especially interpretable ensemble models—in supporting the
understanding and management of employee turnover. The integration of
advanced analytical techniques and transparent model interpretation offers
both high predictive accuracy and practical, actionable insights, ultimately
enhancing the effectiveness of human resource management. As organizations
continue to embrace data-driven approaches to workforce stability, ongoing
methodological innovations and real-world validation will be critical in
turther advancing the field of HR analytics and employee retention strategy.

6. Conclusion

This study provides compelling evidence for the efficacy of machine
learning approaches in predicting employee attrition and delivering
actionable insights for strategic human resource management. By applying
a comprehensive set of algorithms—including logistic regression, decision
trees, random forests, and gradient boosting—to the IBM HR Analytics
Employee Attrition & Performance dataset, the research not only achieved
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robust predictive accuracy but also showcased the value of interpretable
models in organizational decision-making. The integration of SHAP
analysis was particularly instrumental in unraveling the underlying factors
most strongly associated with turnover, identifying overtime status, stock
option level, job mobility, age, and monthly income as key predictors.

The findings of this study reinforce the growing importance of data-
driven decision-making in contemporary HR practices. They emphasize the
necessity for organizations to systematically monitor and manage critical
drivers such as overtime, job satisfaction, compensation, and employee
mobility. By proactively addressing these areas, organizations can mitigate
the risk of turnover, improve employee engagement, and foster a more stable
and productive workforce. Moreover, the interpretability of the machine
learning models employed ensures that HR professionals and managers
are not left with opaque “black box” predictions but can instead develop
targeted, evidence-based retention strategies tailored to the specific needs
and risk factors of their employees.

Despite these strengths, the study also recognizes important limitations.
Chief among these is the challenge posed by class imbalance, which
constrained the models’ ability to accurately detect all at-risk employees.
This limitation echoes ongoing challenges in the field and points to the need
for future research to explore advanced resampling strategies, cost-sensitive
learning methods, and the use of real-world, longitudinal datasets to further
enhance prediction sensitivity and generalizability.

In conclusion, this research underscores the transformative potential of
integrating advanced analytics and transparent modeling into workforce
management practices. By harnessing the power of machine learning,
organizations are better equipped to anticipate and address attrition risks,
ultimately supporting the development of more effective and sustainable
HR strategies. Ongoing methodological refinement, coupled with the
continuous evolution of explainable artificial intelligence tools, promises
to further expand the role of machine learning in shaping the future of
evidence-based HR management and organizational success.
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