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ABSTRACT 

The use of technology is increasing due to Industry 4.0. Both countries and organizations have had to invest in the field of 

artificial intelligence (AI) to compete with their rivals in global competitive conditions and to adapt to the ever-changing world. 

An organization or a country needs to evaluate its performance to ensure its sustainability constantly. The Data Envelopment 

Analysis (DEA) method is widely used in performance evaluation. This study aimed to evaluate Türkiye AI performance for 

the nine years between 2014 and 2022. In the research, years were included in the analysis as the decision-making unit. Two 

input and two output variables were used in the analyses. The study was carried out by using the input-oriented CCR DEA 

model and its super-efficiency model. According to the results of the analysis, efficient/inefficient decision-making units were 

determined. Several potential improvement suggestions have been put forward for inefficient decision-making units. 

Keywords: Industry 4.0, Performance, Efficiency, DEA, Artificial Intelligence 

JEL Classification: L25 

ÖZ 

Endüstri 4.0’a bağlı olarak teknoloji kullanımı her geçen gün artmaktadır. Gerek ülkeler gerekse organizasyonlar küresel rekabet 

koşullarında rakipleriyle mücadele edebilmek ve sürekli değişen dünyaya uyum sağlayabilmek için yapay zekâ alanına yatırımlar 

yapmak zorunda kalmıştır. Bir organizasyonun veya ülkenin sürdürülebilirliğini sağlayabilmesi için performansını 

değerlendirmesi oldukça önemlidir. Veri Zarflama Analizi (VZA) yöntemi performans değerlendirmesinde yaygın bir şekilde 

kullanılmaktadır. Bu çalışmada Türkiye’nin 2014-2022 yılları arasındaki dokuz yıl için yapay zekâ performansının değerlendirmesi 

amaçlanmıştır. Araştırmada, karar verme birimi olarak yıllar analize dâhil edilmiştir. Analizlerde iki girdi ve iki çıktı değişkeni 

kullanılmıştır. Çalışma girdi odaklı CCR VZA ve süper etkinlik modeli kullanılarak gerçekleştirilmiştir. Analiz sonuçlarına göre 

etkin olan/olmayan karar verme birimleri belirlenmiştir. Etkin olmayan karar verme birimleri için potansiyel iyileştirme önerileri 

sunulmuştur. 

Anahtar Kelimeler: Endüstri 4.0, Performans, Etkinlik, VZA, Yapay Zekâ  

JEL Kodları: L25 
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1. INTRODUCTION 

As a result of technological developments, change and transformation continue rapidly. Especially today, with artificial 
intelligence (AI), algorithms that bring the characteristic features of human intelligence to computers and systems that 
can produce solutions to problems by exhibiting human-like intelligent behavior are being developed (Öztemel, 2020). 
AI, which combines computer science and data sets, is a technology that realizes many human characteristics such as 
speaking, writing, learning, making analysis, etc. (IBM, 2024). AI technologies, with their computational speed and 
storage capacity, contribute to decision-making processes thanks to their capabilities in data analysis (Tsang & Lee, 2022). 
AI, designed to digitally imitate human intelligence (Huang & Rust, 2018), is defined as a machine that uses algorithms 
and statistics to perform human-specific functions. AI, derived from the idea that machines can think like humans (Zhang 
et al., 2021), enables systems to produce actions through intelligent processes using data collected from physical and 
virtual environments. It works with huge data and has emerged as the most fascinating technology developed in recent 
years (Chintalapati & Pandey, 2022). It differs from other information technologies because it can update itself through 
data while processing information for people's use (Huang & Rust, 2022). AI, which aims to artificially produce the 
intelligent behavior of creatures in nature, is used in different fields. As a result of developments in information and 
communication technologies, AI is used in many sectors such as automotive, manufacturing, law, health, education, and 
e-commerce, and provides various benefits (Davenport et al., 2020). Developments in this field are becoming vital for 
organizations and investments are reaching significant levels each day. While investments in this field already account 
for large shares, it would not be wrong to say that investments will continue to increase in the future. 

To compete in the competitive global environment, investments must be made in the field of AI. Because it has 
comprehensive effects on both social and economic development and has become the driving force for industrial 
transformation (Zhang et al., 2023; Dong & Wang, 2023). Social development and development, manufacturing and 
production industry, environment, energy and natural resources, aviation and space, education, agriculture, finance, 
defense, health, human resources, e-government applications, e-commerce, culture, art, taxation, logistics, it is stated that 
it has application areas in all sectors such as tourism, sports, informatics, and communication (TBD, 2020). In the report 
of the Istanbul Chamber of Commerce Strategic Research Center, it is reported that venture capital investments in the 
field of AI on a global scale in 2021 reached 214 billion 782 million dollars and decreased to 124.9 billion dollars in 2022. 
The European Parliamentary Research Service (EPRS) document stated that the global AI market is valued at over $145 
billion in 2023. The US and China are in the first place in investment in AI. It is stated that the EU will invest $2.35 
billion in AI in the 2021-2027 period. (EPRS, 2024). It is seen that these investments will continue to increase in the 
future. It has been stated that in Türkiye, AI entry capital investments, which were 1.6 million dollars in 2020, amounted 
to 2 billion 81 million dollars in 2021. As a result of sectoral data in 2021, it was stated that media, robotics, and healthcare 
were among the sectors in which the most investments were made (İTOSAM, 2024). The rate of startups in Türkiye 
stating that they use any of the AI technologies will be 3.5% in 2022 and 5.5% in 2023. When the reasons why startups 
do not use AI are examined; it was stated that the most essential reason was that the costs were too high, with 60.7%. This 
was followed by the lack of relevant expertise in the initiative with 53.8% and incompatibility with existing equipment, 
software or systems with 49.6%, respectively (TÜİK, 2023). Therefore, it is very crucial for organizations or countries to 
constantly evaluate their efficiency and productivity to ensure their sustainability. In this context, Data Envelopment 
Analysis (DEA) is one of the important non-parametric methods that is widely applied (Wanke et al., 2016). The current 
study, it is expected that the evaluation of Türkiye AI performance for the 9 years between 2014 and 2022 will contribute 
to both the sector and policymakers. 

The rest of the study is organized as follows. The second chapter includes a literature review. In the third section, the 

DEA method used in the research is explained and information about the input and output variables used in the analysis 

is included. The fourth section contains the analysis results. In the fifth chapter, a general evaluation of the study was 

made.    

2. LITERATURE 

DEA method is widely used in many different fields such as energy, technology, banking, agriculture, tourism, supply 
chain, transportation, education, manufacturing systems, aviation, and health. (Emrouznejad & Yang, 2018; Yu & He, 
2020; Ersoy, 2021; Xiao et al., 2023; Yu & Rakshit, 2023; Pan et al., 2024; Oukil et al., 2024; Antunes et al., 2024). As 
in many sectors, there are studies carried out using the DEA method in the field of intelligent automation systems and AI. 
Azadeh et al. (2011) proposed an integrated approach to analyze the impact of personnel attributes of 102 branches of a 
bank operating in the private sector on branch efficiency. In the proposed algorithm, the impact of personnel productivity 
characteristics on total productivity is evaluated through DEA an Artificial Neural Network. Hu et al. (2019) used the 
DEA method in their study to evaluate the financial performance of 34 companies listed in the AI industry on China's 
Shanghai and Shenzhen stock exchanges. In the activity analysis, development capability, operational capability, 
solvency, and innovation capability were used as input variables and profitability was used as output variable. Gao et al. 
(2020) used the DEA method to evaluate the innovation effectiveness of 40 typical AI companies in China. According to 
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the study results, the comprehensive efficiency is low, scale efficiency and pure technical efficiency are not high, and 
some enterprises have factors in redundancy. 

Mirmozaffari et al. (2021) developed a method to analyze and evaluate the eco-efficiency determining factor of 22 local 

cement companies in Iran between 2015 and 2019. Two widely used AI approaches were used in the study. To achieve 

the purpose of the research, optimization DEA and machine learning algorithms were used in the first and second steps, 

respectively. After applying the proposed model, the Malmquist productivity index was computed to evaluate the 

productivity of companies over 2015–2019 period. Yu (2021) analyzed the theory of data envelopment and cloud edge 

computing in his study. He also applied this to intelligent robot development theory. In the study, the development trend 

of the intelligent social robot was analyzed from the perspectives of electrical engineering and data analytics. In the 

research, the basic direction of bionic robot design was established based on environmental analysis and examination of 

bionic robot products. Liu et al. (2022) examined the impact of AI on the energy efficiency of manufacturing enterprises. 

The research revealed several important findings. According to the research results, AI, measured by industrial robots, 

significantly increases the energy efficiency of manufacturing enterprises. According to the mechanism test, AI supports 

the improvement in energy efficiency by promoting technological progress. According to the heterogeneity analysis, it 

turns out that the age of manufacturing enterprises hinders the encouraging effect of AI on energy efficiency. Yen et al. 

(2023) investigated in their study how smart port design can affect the efficiency of maritime transportation with a three-

step DEA-Tobit modelling approach. The top 20 international ports in the world, according to their production capacities, 

were used in the research. First, the operational efficiency of the ports was evaluated using the DEA method. In the 

research, automation, environment, and intelligence were determined as smart port design to investigate the effect of 

smart port design. The essentials of three different smart port designs were determined with the analytical hierarchy 

process. Finally, the Tobit regression model evaluated how weighted smart port features affect operating efficiency. Shi 

et al. (2024) used the DEA method in their study to effectively evaluate the effectiveness of the innovation of the regional 

AI industry to promote the allocation of resources and the development of the AI sector. There are three essential aspects 

of the results of this study. First, the AI industry in China has achieved improvements in scale efficiency and technical 

efficiency between 2015 and 2018. Secondly, China's AI industry shows inter-regional heterogeneity. Third, three 

environmental factors such as the level of economic development, government innovation support, and maturity of the 

technology market have an impact on innovation efficiency. 

3. METHOD 

3.1. Data Envelopment Analysis 

DEA, a linear programming-based method, is used to evaluate the performance of decision-making units (Selamzade et 

al., 2023; Oukil et al., 2024; Pan et al., 2024; Dalir et al., 2024). DEA, introduced by Farrell (1957) in "Measurement of 

Productive Efficiency", was developed by Charnes et al. (1978). It is a nonparametric mathematical programming 

approach (Antunes et al., 2024; Oukil et al., 2024; Arunyanart, 2024). Banker, Charnes and Cooper (1984) then introduced 

the BCC model, which separates technical efficiency from scale efficiency. However, in the current study, efficiency 

evaluation was made using the input-oriented CCR model. The input-oriented CCR model (Cooper et al., 2011; Xu & 

Quenniche, 2012; Selamzade et al., 2023; Ersoy & Tehci, 2023) and the Super Efficiency (SE) CCR model (Seiford & 

Zhu, 1999: 175; Xu & Ouenniche, 2012; Ersoy and Tehci, 2023) can be seen in Table 1. The efficiency score must be "1" 

for DMUs to be efficient (Ersoy, 2021; Selamzade et al., 2023). When comparing the CCR and SE CCR models, it can 

be stated that the efficiency score of SE CCR can exceed 1, allowing efficient DMUs to be ranked, and DMUs with 

excessive inputs or outputs can be excluded from the analysis. In order to apply DEA, decision-making units with similar 

characteristics should be selected. In addition, previous studies in the literature have shown that the total number of 

decision-making units should generally be twice the total number of inputs and outputs (Çelik, 2016; Ersoy, 2021). In 

model (1) and model (2), xij denotes the amount of input i used by DMUj and yrj denotes the amount of output r produced 

by DMUj. In model (1), j = 1,...,n and θt refers to DMUt whose efficiency is measured. If the optimal value of θt is equal 

to 1, then DMUt under evaluation is efficient; else, θt <1 indicates that DMUt is inefficient. In model (2), θt <1 indicates 

that DMUt is inefficient; else, efficient DMUs will have a θt ≥1 (Ersoy, 2021). 

 

 

 

 

Table 1. Input-Oriented CCR Model and SE-CCR Model 

Classic input-oriented CCR Model Input-oriented SE-CCR Model 
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3.2. Data and Variables 

The input and output variables used in the study were obtained from the 2024 report on AI prepared by the Istanbul 

Chamber of Commerce Strategic Research Center (İTOSAM, 2024). Venture capital investments in AI (Million Dollars) 

and Number of companies developing AI in Türkiye were used as input variables in the study. Number of industrial robot 

installations and Number of industrial robot stocks were used as output variables in the study. Statistics regarding the 

input and output variables used in the research are shown in Table 2, and the correlation between input and output 

variables is shown in Table 3. AI is a new and developing field. Therefore, due to the limited data and scarcity of sectoral 

reports in the field of AI in Türkiye, effectiveness analyses were conducted with limited data. 

 

Table 2. Statistical Indicators of Input and Output Variables for 2014-2022 

 
Venture capital investments 

in AI (Million Dollars) 

Number of companies 

developing AI in 

Türkiye 

Number of 

industrial robot 

installations 

Number of 

industrial robot 

stocks 

Max 2081 860 3748 22735 

Min 1 152 1246 6286 

Average 263.67 422.89 2193.33 13626.33 

Std deviation 687.00 246.69 762.91 5371.22 

Table 3. Correlation Relationship Between Input and Output Variables 

 
Venture capital 

investments in AI 

(Million Dollars) 

Number of companies 

developing AI in 

Türkiye 

Number of 

industrial robot 

installations 

Number of 

industrial 

robot stocks 

Venture capital 

investments in AI 

(Million Dollars) 

1    

Number of companies 

developing AI in 

Türkiye 

0.537 1   

Number of industrial 

robot installations 
0.532 0.897 1  

Number of industrial 

robot stocks 
0.483 0.983 0.899 1 

 

The first two columns of Table 2 include the input variables. The third and fourth columns of Table 2 include the output 

variables. The first row of Table 2 contains the maximum values of the input and output variables, while the other rows 

contain their minimum values, mean values, and standard deviations, respectively. Table 3 includes the statistical 

representation of the correlation of input and output variables. It is understood from Table 3 that the highest correlation 

value is 0.983 between the output variable "Number of industrial robot stocks" and the input variable "Number of 

companies developing AI in Türkiye". 

4. RESULTS 

DEA analysis was carried out using the EMS 1.3.0 package program. The results of the effectiveness analysis for the 

CCR DEA model and SE-CCR DEA model are given in Table 4. 
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Table 4. Efficiency Scores 

DMU CCR SE-CCR 

2014 1.000 1.219 

2015 1.000 1.101 

2016 0.964 0.964 

2017 0.973 0.973 

2018 1.000 1.027 

2019 0.807 0.807 

2020 1.000 1.220 

2021 0.641 0.641 

2022 0.629 0.629 

 

In the second column of Table 4, there are CCR effectiveness scores, and in the third column, there are SE-CCR scores. 

According to the effectiveness scores in Table 4, 2014, 2015, 2018, and 2020 were effective. Efficient years are ranked 

among themselves according to their SE-CCR efficiency scores. Among the effective years, 2020 was determined to be 

the most effective DMU with an efficiency score of 1,220. For DMUs that are not effective to become effective, some 

potential improvement suggestions need to be presented. Potential improvement suggestions for inefficient years are 

shown in Table 5. 

 

Table 5. Potential Improvement Suggestions for Inefficient Years 

  

Year 

 

Efficiency Score 

 

Variable 

Original 

Value 

Projected 

Value 

 

Difference  

 

Rate 

2016 

 

0.96 

Number of industrial 

robot installations 
1840 2168.422 328.4224 17.85 

Number of industrial 

robot stocks 
9756 10120.03 364.0334 3.73 

2017 

 

 

0.97 

Number of industrial 

robot installations 
2050 2415.444 365.444 17.83 

Number of industrial 

robot stocks 
11599 11918.916 319.916 2.76 

2019 

 

 

0.81 

Number of industrial 

robot installations 
1807 3982.983 2175.983 120.42 

Number of industrial 

robot stocks 
15033 18634.869 3601.869 23.96 

2021 

 

0.64 

Number of industrial 

robot installations 
3070 6477.196 3407.196 110.98 

Number of industrial 

robot stocks 
19325 30163.598 10838.6 56.09 

2022 

 

 

0.63 

Number of industrial 

robot installations 
3748 7758.201 4010.201 107.00 

Number of industrial 

robot stocks 
22735 36129.101 13394.1 58.91 

 

Table 5 shows the efficiency score for 2017 as 0.97. For 2017 to be effective, it is recommended that the number of 

industrial robot installations be 2415.44 and the number of industrial robot stocks be 11918.916. Similarly, potential 

improvement suggestions for other inefficient years are given in Table 5. It was evaluated with the scores as given in 

Table 4. 
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5. DISCUSSION AND CONCLUSION 

Due to the increase in labor costs in developed countries, most of the international companies operating in these countries 

have shifted their production to developing countries. Smart automation systems can make production more flexible, as 

well as reduce the role of the workforce in the production process. Thus, developing countries have begun to lose their 

biggest competitive advantage against smart automation systems. One of the main reasons why developed countries 

ensure the widespread use of smart automation technologies is to prevent the development of other countries, especially 

China. Intelligent automation systems and AI are used by developed countries to bring industrial investments back to 

their lands. Thus, intelligent automation systems and AI are used as tools by developed countries to both compete 

economically and protect their national interests against developing countries (İTOSAM, 2024). When evaluated from 

this perspective, it is essential to evaluate the effectiveness of intelligent automation systems and AI sectors in developed 

and developing countries. It can be said that national studies on AI in general are primarily conducted in the fields of 

logistics (Aylak et al., 2021), healthcare (Keleş, 2022), education (İşler and Kılıç, 2021), and human resource 

management (Gür et al., 2019). China has garnered significant attention in research related to the AI sector. Factors such 

as the economic development level of countries, governmental support, and the maturity of the technology market (Shi 

et al., 2024), increasing R&D investments, and excavating high-quality scientific research (Dong & Wang, 2023), are 

believed to enhance effectiveness in this industry. Lyu and Cui (2024) assessed the financial performance of Chinese AI 

companies from 2018 to 2022. Their findings indicate that these companies generally performed well financially and 

exhibited potential for improvement, as well as a consistent growth trend. These insights can be interpreted as general 

recommendations. Consequently, similar recommendations can be made for evaluating the effectiveness of the current 

study. 

In this study, the effectiveness of the AI sector in Türkiye was evaluated yearly. In the research, efficiency analysis was 

conducted using the DEA method. Input-oriented CCR model and super efficiency model were used for efficiency 

measurement. According to DEA activity results, Türkiye was found effective in 2014, 2015, 2018 and 2020. The ranking 

of the efficient years among themselves was made according to the results of the super-efficiency CCR model, and the 

most effective year was determined to be 2020. Globally, it is also seen in the reports that AI investments increased in 

2021 and decreased in the following few years. It can be said that this is parallel to the national economies. Therefore, 

reasons such as high costs and lack of relevant experts may cause low efficiency in recent years. However, it can be said 

that it is promising for the coming years. Additionally, potential improvement suggestions for ineffective years are 

included in the findings section of the study. Since research results depend on the input and output variables used in the 

analysis, changes in the input and output variables may affect the analysis results. When evaluated from this perspective, 

it is useful to remember that the efficiency results obtained with DEA are relative. Like many other studies, this one has 

certain limitations. One of the limitations of the study is that the research only covers Türkiye. Another key limitation is 

that the DEA analysis was conducted using only two inputs and two outputs. Another limitation is that years were used 

as DMU in the study. In future studies, efficiency measurements can be made using different input and output variables 

in different sectors such as tourism, energy, agriculture, health, education and manufacturing. Additionally, studies can 

be conducted using multi-criteria decision-making methods such as TOPSIS, EDAS, CODAS, AHP, VIKOR, Fuzzy 

AHP, Fuzzy TOPSIS, Fuzzy VIKOR or different methods in addition to the DEA method. This study emphasizes the 

importance of using AI effectively. The research results may guide public and private sector representatives in the field 

of AI. 
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