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A B S T R A C T  
In this study, fuzzy data envelopment analysis (FDEA) was conducted to determine the 

relative efficiency of the container terminals operating in Turkey. For this purpose, the data 
from the container terminals were converted into fuzzy values using the “set of α cuts 
approach” and the upper and lower limit values for each terminal were determined. The 
lower and upper limit efficiency values were calculated using the input-oriented CCR-
FDEA method. The minimax regret approach was used to sort and compare the relative 
efficiency of terminals. According to the resulting efficiency scores, one container terminal 
was effective at all α cutting levels. It was calculated that the four container terminals had 
the lowest values at all α cutting levels regarding the maximum efficiency loss values of 
other container terminals. 
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Introduction 

Maritime transport, acknowledged as the lowest-cost 
option among transportation models (Keskin, 2011), is the 
most preferred means for transportation, allowing large 
volumes of cargo to be transported at once and minimizing the 
loss of property, as well as being safe and environmentally 
friendly (Ateş and Esmer, 2013). Maritime transport comprises 
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three main components, which are the vessels, the cargo, and 
the ports (Ateş, 2010). Ports constitute vital connection points 
of the international trade chain (Bray et al., 2014). Maritime 
transport is now rapidly moving towards containerization. 
Container transportation comprised 102 million tons in 1980 
and reached 1834 million tons in 2017 (UNCTAD, 2018). 
Therefore, competition in the market has gradually increased 
and ports must seek ways to become more modernized, rapid, 

http://dergipark.org.tr/en/pub/masteb
http://www.masteb.com/
https://doi.org/10.33714/masteb.711452
mailto:ercan.yuksekyildiz@samsun.edu.tr
https://orcid.org/0000-0001-7199-8267
https://orcid.org/0000-0003-2306-6996
https://doi.org/10.33714/masteb.711452


Yüksekyıldız and Tunçel (2020) Marine Science and Technology Bulletin 9(2): 102-113 

103 

and efficient in order to gain a larger share of the market (Oğuz, 
2018). Container terminals need to be highly productive and 
must work efficiently in an environment in which the 
developments in world trade are rapid and competition is 
intense (Wang et al., 2017). Productive and efficient operation 
of terminals is one of the most important factors that increase 
the productivity of maritime transport (Ateş, 2010). 

Productivity, which may be defined as the division of 
produced output values into the values used as input, is one of 
the most important performance indicators for companies, 
economies, and processes (Krajewski et al., 2015). Efficiency, on 
the other hand, is the ability to deliver a product or service using 
minimal resources (Tangen, 2005). It would not be reasonable 
to expect an increase in productivity values without also 
increasing efficiency values; however, a company with low 
productivity values could be efficient. Therefore, efficiency 
could be acknowledged as an element of productivity (Kök, 
1991). When the literature is reviewed, it is seen that the 
concepts of efficiency and productivity have been used 
interchangeably and there is no consensus on these terms 
(Zengin and Taşdöven, 2015). 

In this study, calculations are performed using fuzzy data 
envelopment analysis (FDEA) to determine the relative 
efficiencies of ports in Turkey with container terminals. 
Following the information on maritime transport and 
efficiency provided in the first section, a literature review will 
be given in Section 2. In the third section, the efficiency 
measurements of 22 container terminals are presented after 
providing information on FDEA and the “set of α cuts 
approach.” In the final section, the findings are interpreted 
together with discussions on the operations required for 
terminal ports to be more productive. 

Literature Review 

It is seen that different methods are used in the literature on 
performance measurement in ports. These methods are; The 
calculation of the load handling efficiency at the docks (Bendall 
and Stent, 1987; Tabernacle, 1995; Ashar, 1997), the 
measurement of the efficiency of a single factor (De Monie, 
1987), the performance measurements for comparing the port's 
optimal handling capacity with the handling in a given time 
period (Talley, 1988), the estimation of the port cost function 
(Neufville and Tsunokawa, 1981), the calculation of the total 
efficiency factor of a port (Kim and Sachish, 1986) and the 
establishment of the port performance and efficiency model 
with multiple regression analysis (Tongzon, 1995). The most 
commonly used techniques are Regression Analysis, Cost 
Benefit and Cost Effectiveness Analysis, Stochastic frontier 
analysis, Simulation, Data Envelopment Analysis-DEA) and 

Malmquist Analysis. Among these methods, simulation 
method and data envelopment analysis methods are used 
extensively in port efficiency and performance measurements 
(Esmer, 2009). 

Data envelopment analysis plays an important role in 
determining the relative efficiencies of ports. The first study in 
the literature on port efficiency was conducted in 1993 by Roll 
and Hayuth (1993). This study was a theoretical assessment of 
efficiency rather than implementation. Later, Tongzon (1995), 
Poitras et al. (1996), and Martinez-Budria et al. (1999) tried to 
determine port efficiencies using the DEA method. The 
number of studies on port efficiency has increased since 2000. 
Tongzon (2001), in a study that applied DEA CCR (Charnes, 
Cooper, and Rhodes) and BCC (Banker, Charnes, and Cooper) 
models, calculated that the Rotterdam, Yokohama, Melbourne, 
and Osaka ports were more efficient than other ports. Valentine 
and Gray (2001) compared the efficiencies of 31 ports in North 
America and Europe using the DEA-CCR method. Itoh (2002) 
used DEA to measure the efficiencies of Japanese container 
terminals between 1990 and 1999. That study revealed that 
DEA was an efficient method in measuring port efficiencies, 
and it was indicated that the Tokyo and Nagoya ports were 
efficient. Wang et al. (2003) used input-oriented CCR and BCC 
methods in their study aimed at measuring the efficiencies of 
57 ports around the world. Barros (2003), based on efficiency 
measurements of container terminals in Portugal using DEA, 
asserted that revising port rules would positively affect port 
efficiency. Turner et al. (2004) investigated ports in the USA 
and Canada using the DEA method. They argued that larger 
ports were more efficient. Barros and Athanassiou (2004) 
conducted a study on input and output using DEA to measure 
the efficiencies of Greek and Portuguese ports. The results of 
that study emphasized that privatization could be a good 
solution to increase the productivity of ports. Al-Eraqi et al. 
(2008) scrutinized the efficiencies of 22 large container 
terminals in the Middle East and East Africa, and they claimed 
that physically larger ports were more efficient. Bichou (2013) 
performed an efficiency measurement of 420 container 
terminals. The results indicated that larger-scale ports, 
modernized and equipped with automation systems, were more 
efficient. Yuen et al. (2013) conducted efficiency measurements 
of 21 container terminals in China between 2003 and 2007. 
Based on the findings obtained via DEA, 3 terminals were 
efficient in those years. Schøyen and Odeck (2013) measured 
the efficiencies of Norwegian container terminals between 2002 
and 2008 using the DEA method. The results of that study 
indicated that Norwegian ports had higher efficiency than other 
ports, and the authors argued that the ports needed to be 
physically larger to be more efficient. Rajasekar and Deo (2014) 
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used the DEA method to determine the efficiencies of 8 ports in 
India between 1993 and 2011. According to the efficiency scores 
obtained, the physically larger ports were more efficient. It was 
also found that ports that were not efficient could become 
efficient with infra- and superstructure modernizations. Al-
Mawsheki and Shah (2017) measured the efficiencies of 
container terminals operating in the Middle East. 

Turning to studies in Turkey, Baysal et al. (2004) tried to 
reveal the efficiencies of 7 ports operated by the Turkish State 
Railways. For this purpose, input- and output-oriented DEA 
models were implemented under fixed-income and variable-
yield scale hypotheses, and the efficiency values for the ports 
were determined. Bayar (2005) used the DEA method in his 
study to measure the efficiency of container terminals in Turkey 
and suggested proposals for the potential improvement of 
unproductive terminals. Ateş (2010) applied the DEA method 
to the 2005-2009 data of 13 private or state-operated container 
terminals and found that the İzmir and MIP (Mersin 
International Port) ports were relatively the most efficient ports 
in the 5-year period. Ateş and Esmer (2011) determined the 
efficiency statuses of 15 Turkish container terminals using 
input- and output-oriented CCR and BCC models with 2010 
data. DEA was used in Çağlar’s (2012) study to determine the 
productivity of private ports in Turkey, and it was argued that 
relative analysis methods were not sufficient on their own to 
determine the potentials of port management. Ateş et al. (2013) 
examined the change in the efficiencies of 9 container terminals 
(Novorossiysk, Odessa, Varna, Batumi, Burgaz, Poti, 
Ilyichevsk, Constanta, and Trabzon), 5 of which were located in 
countries with coasts on the Black Sea and that were included 
in the European-Caucasian-Asian transport corridor 
(TRACECA) in the 2008-2009 period, as well as Russia, which 
was not included in the program. The efficiency values were 
calculated using DEA. 

Ateş and Esmer (2013) investigated the efficiency change in 
13 container terminals operating in Turkey before and after the 
2009 global economic crisis. Relative efficiency values were 
measured using DEA and the changes in the efficiency values 
in a certain period were measured with the Malmquist total 
factor productivity (TFP) index. Ateş and Esmer (2014) 
evaluated the productivity of Turkish container terminals using 
free disposal hull (FDH) analysis and DEA. In a 2014 study by 
Güner et al. (2014) the operational efficiency levels of ports 
were examined by assessing the data pertaining to five ports 
privatized in 1997. Using DEA and the Malmquist TFP, 14 
years of efficiency values were measured comparatively for 5 
ports. Akgül et al. (2015) determined the efficiencies of 
container terminals using DEA. In a 2017 study by Acer and 
Timor (2017), the DEA method was implemented to determine 

the efficiencies of 20 container terminals. They made a 
comparison for redetermining the efficiencies of 16 similar 
ports using cluster analysis. Gökçek and Şenol (2018) 
determined the efficiencies of 28 container terminals in 9 
Mediterranean countries using 2016 data. In that study, which 
was conducted using CCR and BCC input-oriented models, it 
was found that 4 ports were efficient with both methods. 

Searching the literature for studies conducted to determine 
port efficiency using FDEA, several such works can be 
identified. Chen (2007) measured the efficiencies of the 20 
terminals that had handled the most containers in 2004 in the 
Asian region using classical DEA and FDEA methods. A CCR 
model was used in that study and it was found that 10 terminals 
were efficient according to the results obtained from classical 
DEA. In calculations with FDEA, it was found that the 
segregation ability was more powerful. The study concluded 
that the efficiency scores obtained by classical DEA and FDEA 
were similar. Bray et al. (2015), who implemented the FDEA 
method using Tongzon’s (2001) data, determined the 
efficiencies of 16 international container terminals using a CCR 
input-oriented model with six input and four output variables. 
The same values were used in both models; only the delay time 
value was expressed differently at three different levels (20%, 
30%, and 40%) using triangular fuzzy numbers. At the end of 
the calculations, it was concluded that the results obtained at 
the 30% level were acceptable for making a comparison with the 
classical DEA method. Although the efficiency values obtained 
by the two models were close to each other, it was found that 12 
terminals were efficient and 4 terminals were inefficient, and 
one particular terminal was inefficient in FDEA while it was 
efficient in classical DEA. Wang et al. (2017) determined the 
efficiencies of 12 container terminals situated in Taiwan and its 
periphery using fuzzy DEA. Evaluations for 6 input and 7 
output variables were performed verbally, and these values were 
transformed into fuzzy numbers. In that study, conducted with 
a CCR model that was both input- and output-oriented, 2 
terminals were found to be partially efficient and the rest were 
not efficient. In another study by Wang and Han (2018), input- 
and output-oriented FDEA models were set up to calculate the 
efficiencies of container terminals in Taiwan and the countries 
surrounding it. In both models, 2 terminals were found efficient 
while the other terminals were relatively not efficient.  

As seen from this brief review, studies conducted using 
classical DEA to measure port efficiency are popular in the 
literature. On the other hand, the number of studies conducted 
using FDEA is small. The present study may therefore provide 
a helpful contribution to the literature, as studies on ports using 
FDEA are insufficient while studies on other topics have 
increased gradually. 
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Material and Methods 

In this study, the FDEA method was used to calculate the 
relative efficiency of the container terminals operating in 
Turkey. The first study on DEA was conducted by Farrell 
(1957), in which the efficiencies of units were measured by 
linear programming using a single input variable and multiple 
output variables. The CCR model, named for the initials of 
Charnes, Cooper, and Rhodes (1978) was developed, in which 
multiple inputs and outputs were used as variables. With this 
method, measurements of general technical productivities were 
performed under constant returns to scale. The BCC model, 
named for the initials of Banker, Charnes, and Cooper (1984), 
was also proposed. This model enables the calculation of the 
scale and technical productivity separately under variable 
returns to scale. In the following years, DEA was improved by 
methods including multiplicative, non-oriented, and additive 
approaches (Aladağ et al., 2018). 

Today, different FDEA models are being developed and 
implemented in many areas (industry, health, transportation, 
etc.). In this study, the data pertaining to container terminals 
were transformed into fuzzy values using Zimmermann’s 
(2011) set of α cuts approach and the relative lower and upper 
limit efficiency values of the terminals were determined with 
FDEA using the EMS 1.3 software package with regard to the 
model proposed by Wang et al. (2005). For each α cut level of 
the obtained efficiency values, the lowest values of maximum 
efficiency loss (MEL) were calculated with the minimax regret 
approach (Wang et al., 2005), and the calculation and 
comparison of the relative efficiencies of the terminals were 
conducted. For this purpose, the following steps were followed: 

i. Determining decision-making units,

ii. Determining input and output variables,

iii. Determining lower and upper limit values of variables
using the set of α cuts approach,

iv. Calculating efficiency values of decision units with the
FDEA method,

v. Ranking efficiency values using the minimax regret
approach.

Determination of Decision-Making Units (DMUs) 

It is important that the DMUs used in the implementation 
have a similar configuration and that the observation set be 
homogeneous for the FDEA results to be statistically 
significant. The exclusion of DMUs at the extremes is preferred 
(Şenol et al., 2019). In this context, only the terminals that 
handle 10,000 TEU or more were considered in this study, and 

it was ensured that the DMUs were homogeneous. The 22 
container terminals included in the study are presented in Table 
1. 

Table 1. Container terminals included in the study 

No. Container Terminals No. Container Terminals 

1 Assanport (CP1) 12 
Mersin International 
Port (CP12) 

2 Çelebi Bandırma (CP2) 13 Nemport (CP13) 

3 Asyaport (CP3) 14 Roda Port (CP14) 

4 Ege Gübre (CP4) 15 Samsunport (CP15) 

5 Evyap (CP5) 16 Yılport (CP16) 

6 Gemport (CP6) 17 Alsancak Port (CP17) 

7 Kumport (CP7) 18 
TCDD Haydarpaşa 
(CP18) 

8 Alport (CP8) 19 Mardaş (CP19) 

9 Limakport (CP9) 20 Borusan (CP20) 

10 Limaş (CP10) 21 
DP World Yarımca 
(CP21) 

11 Marport (CP11) 22 Port Akdeniz (CP22) 

In the DEA method, it is required that the number of DMUs 
be m+s+1 or 2*(m+s), where m is the number of inputs and s is 
the number of outputs, for the reliability of the research 
(Boussofiane et al., 1991). In this study, 4 input variables and 1 
output variable were used. The number of DMUs was 22. 
Therefore, both conditions were met for the number of DMUs. 

Determination of Input and Output Variables 

It is imperative that the input and output variables be 
selected attentively and that they be reliable for DEA, which is 
a data-oriented efficiency measurement method (Göktolga and 
Artut, 2014). In DEA models, the number of input and output 
variables should be high to obtain better discrimination. 
However, the input and output variables to be used should be 
operative for all forms of decision-making (Boussofiane et al., 
1991). The input and output variables that are most preferred 
in the literature and that play an important role in determining 
the efficiencies of container terminals are used in this study as 
presented in Table 2. 

Table 2. Input and output variables used in the study 

Inputs Output 

X1 
Terminal’s dock 
length (m) 

Y1 
Number of 
containers handled 
(TEU) 

X2 Terminal area (m2) 

X3 Maximum draft (m) 

X4 
Container handling 
capacity (TEU) 
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In this study, the efficiencies of the terminals were measured 
by the model prepared with 4 input variables and 1 output 
variable. The data used in the study were gathered from the 
information provided on the websites of TÜRKLİM (Port 

Operators Association of Turkey), the Ministry of 
Transportation and Infrastructure, and the ports. The 
descriptive statistics for input and output variables are 
presented in Table 3. 

Table 3. Descriptive statistics for input and output variables 

Input and output variables Mean Standard error Standard deviation Minimum Maximum 

Terminal’s dock length 1666.182 197.5207 926.4544 405 3413 

Terminal area 424543.5 65681.35 308072.8 90000 1200000 

Maximum draft 17.22273 1.387341 6.507207 10 36 

Handling capacity 931590.9 165133.6 774545 150000 2600000 

Number of containers handled in 2015 369221.5 96742.22 453761.2 2077 1576611 

Number of containers handled in 2016 395558.9 98376.9 461428.5 11463 1844015 

Number of containers handled in 2017 440978.5 100685.8 472258.4 11419 1709047 

Determination of Lower and Upper Limit Values of 

Variables 

Although data obtained from different sources are 
acknowledged as exact data, these data may vary due to 
incompleteness, errors, and alterations. These differences cause 
controversy regarding whether or not the data pertaining to the 
ports in Turkey are reliable. DEA is a technique that is 
extremely sensitive to data errors, and minute errors in 
gathering these data could lead to different efficiency scores 
being obtained. 

In this study, it is considered that using FDEA would yield 
more reliable results to prevent the aforementioned errors. In 
the FDEA method, data are categorized into many classes such 
as limited, ordered, proportional, exact value known, or value 
unknown (Ebrahimi et al., 2018). If the lower and upper limit 
values of the data can be calculated, limited data may be 
obtained. Therefore, this study ensured the formation of fuzzy 
data by determining the lower, central, and upper limit values 
for the input and output values by a triangular membership 
function. Later, the fuzzy data were transformed into offset 
value data using Zimmermann’s (2011) set of α cuts approach. 
The determination of the lower and upper limits, depending on 
the constancy of the variable data to be used in the study, could 
be performed in two ways. 

Determination of Lower and Upper Limit Values of 

Non-Fixed Data 

As the number of containers handled (Y1), which is used as 
the output variable in determining the efficiencies of container 
terminals, shows variation for each year, it is a non-fixed 
variable. In order to transform these data into offset data, the 
2015-2017 data pertaining to this variable are determined as the 

lower, central, and upper limits using the triangular 
membership function and fuzzy data are obtained. Later, lower 
and upper limit values are calculated at five different α levels 
using Zimmermann’s (2011) set of α cuts approach. 

a∝- =a + ∝(m-a) (1) 

b∝+ =b - ∝(Fb-m)  (2) 

Here: 

𝑎𝑎∝− = lower limit value of the variable at α cut level, 

𝑏𝑏∝+ = upper limit value of the variable at α cut level, 

a = lower limit value of the variable, 

b = upper limit value of the variable, 

m = central value of the variable. 

For instance, the number of handled containers (Y1) in 
2015, 2016, and 2017 in the Marport (CP11) container terminal 
is 1576611, 1844015, and 1709047, respectively. These values 
are written as fuzzy triangular numbers as [1576611; 1709047; 
1844015]. According to these data, the lower (𝑎𝑎∝− ) and upper 
(𝑏𝑏∝+) limit values of variable Y1 at the α = 0.25 cut level for the 
CP11 container terminal are calculated using Eq. 1 and Eq. 2 as 
follows: 

𝑎𝑎∝− = 𝑎𝑎 + ∝ (𝑚𝑚 − 𝑎𝑎) = 1576611+0.25(1709047–1576611) 
= 1609720 

𝑏𝑏∝+ = 𝑏𝑏 − ∝ (𝑏𝑏 −𝑚𝑚) = 1844015–0.25(1844015–1709047) 
= 1810273 

When the same calculations are performed for other α cut 
levels, the lower and upper limit values in Table 4 are obtained 
for the variable of the number of handled containers (Y1) for the 
CP11 container terminal. 
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Table 4. Lower and upper limit values of the Y1 variable for the 
Marport container terminal according to α levels 

α cut level Lower limit value Upper limit value 

0.00 1576611 1844015 

0.25 1609720 1810273 

0.50 1642829 1776531 

0.75 1675938 1742789 

1.00 1709047 1709047 

Determination of Lower and Upper Limit Values of 

Fixed Data  

Although the terminal’s dock length (m), terminal area 
(m2), maximum draft (m), and container handling capacity 
(TEU), which were used as input variables in this study, change 
over the years, the amount of this change may be ignored since 
it is minor enough to be deemed unimportant, especially for the 
period in which the efficiency analysis is being conducted. 
Therefore, these variables are considered as fixed data. These 
fixed data are transformed into fuzzy data using the following 
equations (Güneş, 2006): 

a = m –  Sh (3) 

b = m + Sh (4) 

Here, Sh is the standard error value. These values are 
calculated as lower and upper limits for five different α values 
using Eq. 1 and Eq. 2. Accordingly, the lower and upper limits 
for the container handling capacity (X4) of the Marport (CP11) 
container terminal are calculated using Eq. 3 and Eq. 4 as 
follows: 

a = m –  Sh = 2400000 – 165133.6 = 2234866.4 

b = m + Sh = 2400000 + 165133.6 = 2565133.6 

These values could be expressed as triangular numbers as 
[2234866.4; 2400000; 2565133.6]. The lower (𝑎𝑎∝− ) and upper 
(𝑏𝑏∝+) limits at the α = 0.25 cut level of the X4 variable (offset value 
data) for the CP11 container terminal are then calculated as 
below using Zimmermann’s (2011) set of α cuts approach: 

𝑎𝑎∝− = 𝑎𝑎 + ∝ (𝑚𝑚 − 𝑎𝑎)= 2234866.4 + 0.25 (2400000 – 2234866.4) 

= 2276149.8 

𝑏𝑏∝+ = 𝑏𝑏 − ∝ (𝑏𝑏 − 𝑚𝑚) = 2565133.6 – 0.25 (2565133.6 – 2400000) 

= 2523850.2 

When the same calculations are made for other α cut levels, 
the lower and upper limits of the container handling capacity 
(X4) for the CP11 container terminal, presented in Table 5, are 
obtained.  

Table 5. Lower and upper limit values of the X4 variable for the 
Marport container terminal according to α levels 

α cut level Lower limit value Upper limit value 

0.00 2234866.4 2565133.6 

0.25 2276149.8 2523850.2 

0.50 2317433.2 2482566.8 

0.75 2358716.6 2441283.4 

1.00 2400000.0 2400000.0 

Calculation of Efficiency Values of Decision-Making 

Units with FDEA Method  

There are four main approaches in the literature for 
conducting efficiency measurements using FDEA: the tolerance 
approach, possibility approach, fuzzy ranking approach, and α 
cuts approach. Besides these four primary groups, there are also 
some other approaches that could be considered within 
different categories (Hatami-Marbini et al., 2011; Emrouznejad 
et al., 2008). In this study, the FDEA method, which is based on 
the input-oriented CCR model following the method proposed 
by Wang et al. (2005) and which enables the lower and upper 
efficiency limits of the terminals to be obtained at five different 
α levels, was applied using the sets of α cuts approach. The CCR 
model calculates the inputs at minimum and the outputs at 
maximum. In addition, if the control over the inputs is low (or 
absent), an output-oriented model should be set up, and if the 
control over the outputs is low, an input-oriented model should 
be used (Dinc and Haynes, 1999). Since there is limited control 
over outputs in container handling terminals, an input-
oriented model was preferred in this study. In this respect, the 
equations regarding the set of α cuts approach will be as follows: 

Upper limit efficiency value: 

𝑀𝑀𝑎𝑎𝑀𝑀 �𝜃𝜃𝑗𝑗0�𝛼𝛼
𝑈𝑈 = ∑ 𝑢𝑢𝑟𝑟�𝑦𝑦𝑟𝑟𝑗𝑗0�𝛼𝛼

𝑈𝑈𝑠𝑠
𝑟𝑟=1 (5) 

∑ 𝑣𝑣𝑖𝑖�𝑀𝑀𝑖𝑖𝑗𝑗0�𝛼𝛼
𝐿𝐿 = 1𝑚𝑚

𝑖𝑖=1  (6) 

∑ 𝑢𝑢𝑟𝑟𝑦𝑦𝑟𝑟𝑗𝑗𝑈𝑈𝑠𝑠
𝑟𝑟=1 − ∑ 𝑣𝑣𝑖𝑖𝑀𝑀𝑖𝑖𝑗𝑗𝐿𝐿 ≤ 0 𝑚𝑚

𝑖𝑖=1  𝑗𝑗 = 1, … ,𝑛𝑛 (7) 

𝑢𝑢𝑟𝑟 , 𝑣𝑣𝑖𝑖 ≥ 𝜀𝜀, ∀𝑟𝑟, 𝑖𝑖. 

Upper limit efficiency value: 

𝑀𝑀𝑎𝑎𝑀𝑀 �𝜃𝜃𝑗𝑗0�𝛼𝛼
𝐿𝐿 = ∑ 𝑢𝑢𝑟𝑟�𝑦𝑦𝑟𝑟𝑗𝑗0�𝛼𝛼

𝐿𝐿𝑠𝑠
𝑟𝑟=1 (8) 

∑ 𝑣𝑣𝑖𝑖�𝑀𝑀𝑖𝑖𝑗𝑗0�𝛼𝛼
𝑈𝑈 = 1𝑚𝑚

𝑖𝑖=1  (9) 

∑ 𝑢𝑢𝑟𝑟𝑦𝑦𝑟𝑟𝑗𝑗𝑈𝑈𝑠𝑠
𝑟𝑟=1 − ∑ 𝑣𝑣𝑖𝑖𝑀𝑀𝑖𝑖𝑗𝑗𝐿𝐿 ≤ 0 𝑚𝑚

𝑖𝑖=1  𝑗𝑗 = 1, … ,𝑛𝑛 (10) 

𝑢𝑢𝑟𝑟 , 𝑣𝑣𝑖𝑖 ≥ 𝜀𝜀, ∀𝑟𝑟, 𝑖𝑖. 
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Here: 

𝜃𝜃𝑗𝑗0𝑈𝑈  is the upper limit efficiency value of the terminals to be 
analyzed, 

𝜃𝜃𝑗𝑗0𝐿𝐿  is the upper limit efficiency value of the terminals to be 
analyzed, 

n is the number of terminals, 

i is the number of inputs (i = 1, 2, …, m), 

r is the number of outputs (r = 1, 2, .., s), 

𝑦𝑦𝑗𝑗 = �𝑦𝑦1𝑗𝑗 ,𝑦𝑦2𝑗𝑗 , … ,𝑦𝑦𝑟𝑟𝑗𝑗 , … 𝑦𝑦𝑠𝑠𝑗𝑗� is the rth output value for the 
jth terminal, 

𝑀𝑀𝑗𝑗 = �𝑀𝑀1𝑗𝑗 , 𝑀𝑀2𝑗𝑗 , … , 𝑀𝑀𝑖𝑖𝑗𝑗 , … 𝑀𝑀𝑠𝑠𝑗𝑗� is the ith input value for the jth 
terminal, 

𝑦𝑦𝑟𝑟𝑗𝑗  is the output vector for the jth terminal, 

𝑀𝑀𝑖𝑖𝑗𝑗  is the input vector for the jth terminal, 

𝑣𝑣𝑖𝑖 is the input weights, 

𝑢𝑢𝑟𝑟 is the output weights, 

L is the lower limit value for the terminal, 

U is the upper limit value for the terminal. 

The set �𝜃𝜃𝑗𝑗0𝐿𝐿 ,𝜃𝜃𝑗𝑗0𝑈𝑈� formed by the lower limit efficicency value 

�𝜃𝜃𝑗𝑗0�𝛼𝛼
𝐿𝐿

and upper limit efficiency value �𝜃𝜃𝑗𝑗0�𝛼𝛼
𝑈𝑈

, calculated at 

different α cut levels to obtain fuzzy efficiency, is the relative 
best efficiency interval of the relevant DMU. The upper limit 
value of outputs and the lower limit value of inputs are used in 
calculating the upper limit efficiency value. In calculating the 
lower limit efficiency value, on the other hand, the lower limit 
values of the outputs and the upper limit values of the inputs 
are used (Güneş, 2006). The DMUs with calculated efficiency 
values equal to 1.00 are considered as efficient, while the DMUs 
with calculated efficiency values smaller than 1.00 are 
inefficient DMUs. The lower and upper efficiency values 
calculated at five different α cut levels using Eq. 7 and Eq. 8 are 
presented in Table 6. 

Table 6. Upper and lower limit efficiency values of the container terminals 

DMU 
α=0.00 α=0.25 α=0.50 α=0.75 α=1.00 

U L U L U L U L U L 
CP1 1.000 0.354 1.000 0.421 1.000 0.502 0.898 0.603 0.735 0.735 
CP2 0.126 0.036 0.111 0.043 0.099 0.052 0.088 0.062 0.074 0.074 
CP3 1.000 0.133 0.923 0.275 0.846 0.416 0.773 0.559 0.703 0.703 
CP4 0.791 0.687 0.840 0.736 0.908 0.790 0.951 0.852 0.922 0.922 
CP5 1.000 0.589 1.000 0.684 1.000 0.782 1.000 0.883 0.988 0.988 
CP6 0.593 0.631 0.649 0.661 0.720 0.695 0.772 0.732 0.772 0.772 
CP7 0.717 0.468 0.714 0.530 0.710 0.590 0.707 0.648 0.704 0.704 
CP8 0.191 0.036 0.113 0.040 0.079 0.044 0.066 0.049 0.056 0.056 
CP9 0.353 0.192 0.352 0.229 0.352 0.266 0.348 0.304 0.342 0.342 

CP10 0.128 0.052 0.110 0.056 0.099 0.061 0.086 0.067 0.076 0.076 
CP11 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
CP12 0.933 0.969 0.929 0.955 0.925 0.942 0.921 0.930 0.918 0.918 
CP13 0.914 0.615 0.879 0.643 0.841 0.676 0.802 0.713 0.757 0.757 
CP14 1.000 0.439 1.000 0.490 1.000 0.560 1.000 0.660 0.817 0.817 
CP15 0.458 0.204 0.403 0.221 0.377 0.242 0.353 0.270 0.306 0.306 
CP16 0.580 0.518 0.587 0.525 0.593 0.533 0.578 0.542 0.552 0.552 
CP17 0.916 0.871 0.908 0.873 0.901 0.877 0.895 0.882 0.888 0.888 
CP18 0.249 0.169 0.246 0.184 0.242 0.199 0.240 0.216 0.235 0.235 
CP19 0.530 0.431 0.531 0.450 0.532 0.470 0.524 0.491 0.513 0.513 
CP20 0.912 0.646 0.917 0.684 0.926 0.729 0.893 0.783 0.847 0.847 
CP21 0.463 0.002 0.361 0.016 0.260 0.029 0.158 0.043 0.056 0.056 
CP22 0.583 0.420 0.559 0.436 0.540 0.454 0.523 0.475 0.501 0.501 
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Ranking of Efficiency Values by Minimax Regret 

Approach  

As the efficiency value obtained by FDEA is considered as 
an interval, a simple and easily applicable method is required 
for the evaluation of these efficiencies. There are several 
approaches for the evaluation of interval numbers. However, 
the great majority of these methods are not powerful in 
discriminating interval numbers with the same centers but 
different widths. The minimax regret approach, developed by 
Wang et al. (2005) and frequently used in the literature, could 
be used to rank and compare the efficiency intervals of DMUs 
even if these DMUs are concentric and have different widths. 
According to the minimax regret approach:  

Let 𝐴𝐴𝑖𝑖 = [𝑎𝑎𝑖𝑖𝐿𝐿 , 𝑎𝑎𝑖𝑖𝑈𝑈] = �𝑚𝑚(𝐴𝐴𝑖𝑖),𝑤𝑤(𝐴𝐴𝑖𝑖)� (𝑖𝑖 = 1, … . ,𝑛𝑛) be the 
efficiency intervals of n DMUs. The midpoints of the DMUs 
are: 

𝑚𝑚(𝐴𝐴𝑖𝑖) = 1
2

(𝑎𝑎𝑖𝑖𝑈𝑈 + 𝑎𝑎𝑖𝑖𝐿𝐿) (11) 

and the widths of the DMUs are: 

𝑤𝑤(𝐴𝐴𝑖𝑖) = 1
2

(𝑎𝑎𝑖𝑖𝑈𝑈 − 𝑎𝑎𝑖𝑖𝐿𝐿) (12) 

Let  𝐴𝐴𝑖𝑖 = [𝑎𝑎𝑖𝑖𝐿𝐿 , 𝑎𝑎𝑖𝑖𝑈𝑈] be selected as the best efficiency interval 

without exceptions, and let 𝑏𝑏 = �max
𝑗𝑗≠𝑖𝑖

�𝑎𝑎𝑗𝑗𝑈𝑈��. In this case: 

a) if 𝑎𝑎𝑖𝑖𝐿𝐿 < 𝑏𝑏, then the decision maker would experience
efficiency loss and feel regret. The MEL is:  

𝑚𝑚𝑎𝑎𝑀𝑀(𝑟𝑟𝑖𝑖) = 𝑏𝑏 − 𝑎𝑎𝑖𝑖𝐿𝐿 = max
𝑗𝑗≠𝑖𝑖

�𝑎𝑎𝑗𝑗𝑈𝑈� − 𝑎𝑎𝑖𝑖𝐿𝐿 (13) 

b) if 𝑎𝑎𝑖𝑖𝐿𝐿 ≥ 𝑏𝑏, the decision maker would not experience
efficiency loss or feel regret. In this case, the regret of the 
decision maker is defined as zero, i.e. 𝑟𝑟𝑖𝑖 = 0. When these two 
cases are considered, the following is obtained: 

𝑚𝑚𝑎𝑎𝑀𝑀(𝑟𝑟𝑖𝑖) = max �max
𝑗𝑗≠𝑖𝑖

�𝑎𝑎𝑗𝑗𝑈𝑈� − 𝑎𝑎𝑖𝑖𝐿𝐿 , 0� (14) 

Therefore, the minimax regret criterion would select the 
best efficiency interval, which fulfils the condition below: 

min
𝑖𝑖

{𝑚𝑚𝑎𝑎𝑀𝑀(𝑟𝑟𝑖𝑖)} = min
𝑖𝑖
�𝑚𝑚𝑎𝑎𝑀𝑀 �max

𝑗𝑗≠𝑖𝑖
�𝑎𝑎𝑗𝑗𝑈𝑈� − 𝑎𝑎𝑖𝑖𝐿𝐿 , 0�� (15) 

Based on the analysis above, with the aim of comparing and 
ranking the productivity intervals, let 𝐴𝐴𝑖𝑖 = [𝑎𝑎𝑖𝑖𝐿𝐿 , 𝑎𝑎𝑖𝑖𝑈𝑈] =
�𝑚𝑚(𝐴𝐴𝑖𝑖),𝑤𝑤(𝐴𝐴𝑖𝑖)� (𝑖𝑖 = 1, … . ,𝑛𝑛) be an efficiency interval set. The 
MEL for each efficiency interval Ai could be calculated as 
follows: 

𝑅𝑅(𝐴𝐴𝑖𝑖) = 𝑚𝑚𝑎𝑎𝑀𝑀 �max
𝑗𝑗≠𝑖𝑖

�𝑎𝑎𝑗𝑗𝑈𝑈� − 𝑎𝑎𝑖𝑖𝐿𝐿 , 0� (16) 

= 𝑚𝑚𝑎𝑎𝑀𝑀 �max
𝑗𝑗≠𝑖𝑖

�𝑚𝑚�𝐴𝐴𝑗𝑗� + 𝑤𝑤�𝐴𝐴𝑗𝑗�� − �𝑚𝑚(𝐴𝐴𝑖𝑖) − 𝑤𝑤(𝐴𝐴𝑖𝑖)� , 0�, 

𝑖𝑖 = 1, … . ,𝑛𝑛 

The minimum efficiency interval is the most attractive 
efficiency interval. The MELs, which are relevant numbers, are 
calculated according to the maximum efficiency among all 
other efficiency losses; however, these could not be used directly 
to rank them. The following elimination steps are proposed to 
produce a ranking using the MELs:  

Step 1: MELs are calculated for all efficiency intervals, and 
the most attractive efficiency with the lowest efficiency loss is 
selected. Let us assume 𝐴𝐴𝑖𝑖1  is selected considering 1 ≤ 𝑖𝑖1 ≤ 𝑛𝑛.  

Step 2: The selected 𝐴𝐴𝑖𝑖1  is eliminated; the MEL for the 
remaining (n – 1) an efficiency interval is calculated again and 
the most attractive efficiency interval is determined. Let us 
assume 𝐴𝐴𝑖𝑖2  is selected considering 1 ≤ 𝑖𝑖2 ≤ 𝑛𝑛, 𝑖𝑖2 ≠ 𝑖𝑖1. 

Step 3: Here, 𝐴𝐴𝑖𝑖2is eliminated, the MEL for the remaining (n 
– 2) an efficiency interval is calculated again, and the most
attractive efficiency interval 𝐴𝐴𝑖𝑖2is selected.

Step 4: The elimination process is repeated until a single 
efficiency interval 𝐴𝐴𝑖𝑖𝑛𝑛  remains. Here the “>” sign means 
“superior,” and the ranking is 𝐴𝐴𝑖𝑖1 > 𝐴𝐴𝑖𝑖2 > ⋯ > 𝐴𝐴𝑖𝑖𝑛𝑛. 

In this study, while the CP11 (Marport) terminal was found 
fully efficient, having lower and upper limit efficiency values at 
all α cut levels equal to 1.00, the efficiencies of the remaining 21 
terminals were measured as fuzzy numbers. The elimination 
steps mentioned above were applied to rank the fuzzy efficiency 
scores of the terminals found inefficient using the minimax 
regret approach. When MEL values are ranked from lowest to 
highest, the ranking of the fuzzy efficiency scores from best to 
worst is obtained as presented in Table 7. 

Results and Discussion 

The efficiencies of 22 container terminals operating in 
Turkey between 2015 and 2017 were evaluated using the FDEA 
method. Using the lower and upper limit values calculated at 
five different α cut levels together with Zimmermann’s (2011) 
set of α cuts approach, the lower and upper limit efficiency 
values were determined with the FDEA model proposed by 
Wang et al. (2005). Later, the MEL values were calculated with 
the minimax regret approach and the efficiencies of the 
container terminals were ranked from best to worst. 

The results of the FDEA calculations indicate that the CP11 
container terminal is efficient at all α levels and the other 
terminals are relatively not efficient. In order to rank the 
inefficient container terminals, the MEL values should be 
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considered. The values in Table 7 rank the MELs of the 
container terminals from best to worst. Here, a terminal with 
less efficiency loss is ranked as a better terminal. According to 
the MEL values, the CP11 container terminal is ranked first and 
the CP12 terminal is ranked second. The CP17 terminal has the 
lowest efficiency loss values at three α levels (0.00, 0.25, 0.50) 

and is ranked third in these cases, while it is ranked fourth and 
fifth at the 0.75 and 1.00 α levels, respectively. The CP5 terminal 
ranked third at α=0.75 and the CP4 terminal ranked third at 
α=1.00, having the lowest efficiency losses at these levels, 
respectively. 

Table 7. Maximum efficiency loss (MEL) values of the container terminals according to α levels 

α=0.00 α=0.25 α=0.50 α=0.75 α=1.00 

No. DMU MEL No. DMU MEL No. DMU MEL No. DMU MEL No. DMU MEL 
1 CP11 0 1 CP11 0 1 CP11 0 1 CP11 0 1 CP11 0 
2 CP12 0.0306 2 CP12 0.0443 2 CP12 0.0574 2 CP12 0.0699 2 CP5 0 
3 CP17 0.1288 3 CP17 0.1264 3 CP17 0.1226 3 CP5 0.1166 3 CP4 0 
4 CP4 0.3122 4 CP4 0.2636 4 CP4 0.2092 4 CP17 0.1176 4 CP12 0 
5 CP20 0.3536 5 CP5 0.3153 5 CP5 0.2174 5 CP4 0.1477 5 CP17 0 
6 CP6 0.3689 6 CP20 0.3154 6 CP20 0.2705 6 CP20 0.2170 6 CP20 0 
7 CP13 0.3845 7 CP6 0.3383 7 CP6 0.3048 7 CP6 0.2680 7 CP14 0 
8 CP5 0.4108 8 CP13 0.3562 8 CP13 0.3237 8 CP13 0.2861 8 CP6 0 
9 CP16 0.4817 9 CP7 0.4694 9 CP7 0.4094 9 CP14 0.3391 9 CP13 0 

10 CP7 0.5315 10 CP16 0.4743 10 CP14 0.4398 10 CP7 0.3514 10 CP1 0 
11 CP14 0.5607 11 CP14 0.5096 11 CP16 0.4662 11 CP1 0.3962 11 CP7 0 
12 CP19 0.5687 12 CP19 0.5497 12 CP1 0.4973 12 CP3 0.4410 12 CP3 0 
13 CP22 0.5793 13 CP22 0.5637 13 CP19 0.5299 13 CP16 0.4571 13 CP16 0 
14 CP1 0.6458 14 CP1 0.5785 14 CP22 0.5456 14 CP19 0.5089 14 CP19 0 
15 CP15 0.7958 15 CP3 0.7250 15 CP3 0.5834 15 CP22 0.5243 15 CP22 0 
16 CP9 0.8076 16 CP9 0.7707 16 CP9 0.7335 16 CP9 0.6957 16 CP9 0 
17 CP18 0.8304 17 CP15 0.7788 17 CP15 0.7575 17 CP15 0.7300 17 CP15 0 
18 CP3 0.8665 18 CP18 0.8157 18 CP18 0.8001 18 CP18 0.7832 18 CP18 0 
19 CP10 0.9478 19 CP10 0.9439 19 CP10 0.9389 19 CP10 0.9324 19 CP10 0 
20 CP2 0.9638 20 CP2 0.9562 20 CP2 0.9475 20 CP2 0.9374 20 CP2 0 
21 CP8 0.9639 21 CP8 0.9600 21 CP8 0.9555 21 CP8 0.9502 21 CP8 0 
22 CP21 0.9977 22 CP21 0.9839 22 CP21 0.9703 22 CP21 0.9569 22 CP21 0 

The CP10, CP2, CP8, and CP21 terminals had the highest 
efficiency loss values and they ranked as the last four terminals 
at all α levels. Considering that the CP10, CP2, and CP8 
container terminals are the terminals that handle the fewest 
containers, it is normal for these terminals to be less efficient 
compared to others. The CP21 container terminal, on the other 
hand, had just been operationalized. Although the number of 
containers currently handled by this terminal is relatively high, 
the number of handled containers in 2015 and 2016 was low 
compared to other terminals in the same period; thus, CP21 
appears to be the terminal with the lowest efficiency at all α 
levels. It is thought that this container terminal will be ranked 
more highly in the following years due to the increasing number 
of handled containers.  

It is seen that the number of handled containers (Y1), used 
as an output variable, is the most important variable in 

efficiency ranking. Therefore, it can be argued that as the 
number of containers handled by a container terminal increase, 
that terminal’s efficiency ranking will also increase. 

In the future, other studies on efficiency measurements at 
ports handling different types of cargo (bulk, liquid, chemical, 
etc.) could be conducted using different FDEA models. More 
detailed results and new inferences could be obtained regarding 
efficiency since the discrimination ability of FDEA is better 
than that of classical DEA, and such results obtained via FDEA 
could offer information and guidance for the administrators of 
container terminals. 

Conclusions 

Container transportation is one of the most used types in 
maritime transportation. As container transportation has 
increased gradually, it becomes important in terminals 
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handling such cargoes. The increasing number of large 
container ships causes the ports to operate in a competitive 
environment. Therefore, measuring the efficiency of container 
terminals is very important for international trade. In this 
study, fuzzy data envelopment analysis (FDEA) was conducted 
to determine the relative efficiency of the container terminals 
operating in Turkey. 

The efficiencies of the container terminals were measured 
by the model prepared with 4 input variables and 1 output 
variable. The input and output variables of the container 
terminals have been converted to fuzzy numbers with set of α 
cuts approach. Then the comparison and ranking of the 
container terminals was performed with the help minimax 
regret method. According to the results obtained from the 
study, only one container terminal is efficient at all α levels. This 
paper has also found that FDEA provides an effective method 
of evaluating relative port efficiency. 
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