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Abstract

From an economic perspective, efficiency refers to the optimal use of resources to produce | Keywords:

the maximum possible output, highlighting its critical role in management systems. | Relative Efficiency,
Managers generally strive to utilize resources effectively to maximize outputs and satisfy | Data Envelopment
all stakeholders. This is particularly important in the Iranian banking industry, where high | Analysis (DEA),
costs of fund maintenance make efficiency a central concern. In this study, considering | Multi-Sector Model,
the operational structure of Iranian banks, a five-sector model is proposed to illustrate the | Multi-Period Model,
flow of activities within banks. Based on this structure, a mathematical model using Data | Fuzzy Algorithm.
Envelopment Analysis (DEA) is developed to evaluate the efficiency of the five sectors.
A fuzzy-based approach is then introduced to solve the model. Application of the proposed
model to 210 branches of a major Iranian bank indicates that, while the Services and
Mobilization of Resources sectors demonstrate relatively high efficiency, the Management
sector suffers from significant inefficiency. These findings highlight the need for focused
managerial interventions to enhance operational performance in bank branches.

Introduction

Banks are the main providers of financial resources for various economic sectors such as
industry, agriculture, and services. Banks as economic agencies aspire to installation, optimum
resources, and provide various services to customers so that they can achieve profitability and
benefit. Collection and attraction of all types of deposits and their attribution to supply the
financial needs of various economic activities are the most important aspects of banking. Banks
play a very important and sensitive role in economic systems, and they can highly affect the
cash flow in society, regarding the relations and proportions. Banks are considered producers
of financial services that use capital and labor as key inputs (Anh, 2025). Bank operations are
divided into three sub-processes: (1) Production, (2) Intermediation, and (3) Social welfare (Shi
etal., 2023).

In general, the description of the role of banks cannot be simply summarized as “deposit
provider and loan provider”; rather, banks simultaneously affect economic development,
stability, and financial inclusion by managing available liquidity, reducing information
asymmetry, and adapting to digital technologies. Therefore, advanced analyses such as the
“multi-component-multi-period model” are an appropriate tool to reveal these complex effects
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and can guide bank managers in policymaking and prioritizing interventions and investments
(Breitenlechner et al., 2022; Edo, 2025; Papathomas & Konteos, 2023; Xu, 2025). Recent
research shows that the quality of bank development not only determines the quantity of credit
but also shapes how banks impact the economic development and sustainability of countries
(Xu, 2025).

The crucial importance of banks' activities in economic systems and the resource volumes
these units have access to has made efficiency a stable competitive advantage for them. Lionel
Robbins, a famous economist, believes that “economic science studies human behavior in
relation to scarce resources production to estimate humans' limited material purposes.” In this
regard, economic science is the study of how to utilize productive resources with maximum
conservation to satisfy the most important needs of humans. This conservation is represented
in the economic efficiency framework in the best state. In this regard, Robins implies economic
efficiency; therefore, economists have mentioned “efficiency” at the center of their studies
(Tafazzoli, 2015).

Efficiency is divided into two components: technical efficiency, which refers to a firm's
ability to maximize the amount of output from a set of inputs into a system, and allocative
efficiency, which is responsible for overseeing the optimal use of inputs based on the price and
relevant production technology. Combining the two will lead to economic efficiency (Anh,
2025).

According to the importance of the efficiency issue in economic agencies, there are various
methods of measurement. In a general division, there are two classes of parametric and non-
parametric methods to measure efficiency. In the parametric method, a certain production
function is estimated by statistical techniques, and its efficiency is measured using this function.
However, non-parametric methods don't need to estimate the production function. One of the
most commonly applied non-parametric methods is data envelopment analysis, which measures
the relative efficiency of units in comparison with each other. (Jahanshahlu et al., 2010). DEA
is a mathematical model to estimate the efficiency boundary. This method gives a boundary
function covering all data, so it is called development or pervasive analysis. (Charnes et al.,
1985). After having provided this method, many applications were reported for efficiency
evaluation and improvement. The studies of Emruznezhad et al. (2008) and Liu et al. (2013)
showed that DEA has the maximum application in the insurance and banking industries. There
are various methods for evaluating performance. One of the most popular methods for
evaluating performance for data envelopment analysis is the DEA model (Tavassoli, 2025). To
provide accurate information to decision makers, the DEA method is proposed (Shi et al., 2023).

DEA helps generate actionable insights for bank managers and policymakers. The aim is to
enhance bank performance through a set of targeted operational improvements and strategic
supervisory interventions. This method has gained great popularity in the field of bank
efficiency due to its ability to manage multiple inputs and outputs (Anh, 2025).

The models of DEA consider evaluation units as a black box, changing inputs to outputs.
These models don’t focus on structure and input streams of units at all. In general, the traditional
DEA model has the following limitations (Anh, 2025):

1. It considers decision-making units as black boxes, which means it ignores the internal
structure.
2. It assumes that all outputs are desirable.

Old models are generalizations of these classic models, which consider the input structure
of units, too. These models were introduced by Fare and Grosskopf for the first time. In a
general view, DEA models can be classified as presented below in Figure 1.
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Figure 1. DEA models classifications based on decision-making units’ structure
Reference: researcher findings

combined

According to Figure 1, DEA is divided into several-sector and multi-sector classifications.
Multi-section models are mostly used for efficiency evaluation of a supply chain consisting of
several organizations (Saaei and Najafi, 2013), whereas multi-sector models are related to
internal structures of an organization consisting of various sectors.

Regarding classic models, DEA and measuring the efficiency of each decision-making unit
are measured only in a definite time, which is actually considered a sectional analysis. However,
in real studies, observations are related mostly to a several-day decision-making period, and
they are time series data. It is important when the decision-making unit and its changes have to
be defined over several time series. The advantage of this task is to define decision-making
units in several days and compare its performance in several other time series or other decision-
making units. This type of analysis, called DEA, is called multi-duration analysis. (Ramanatan.
2003; Razavi Hajiagha et al., 2015). DEA is becoming increasingly important for measuring
efficiency because it does not require assumptions about the relationship between inputs and
outputs, and is being exploited in the banking and financial services industry (Shi et al., 2023).

DEA is a mathematical technique that most often uses linear programs to evaluate the
efficiency of one or more DMUTs (Bol6s et al., 2025).In Iran, banks mostly use the classic
approach ( which has been adopted from the common banking approach) to evaluate their
efficiency, measure, and rank without considering internal relationships among units. In the
present research, the main objective is to provide a new model based on the Islamic banking
pattern to evaluate banks' efficiency by considering the dominant internal structure and the
communications inside the branches. Having studied the activity method and working stream
on DEA, a model to evaluate this multi-sector model was suggested. Multi-period model is used
to study bank branches more accurately to prevent fluctuations as a result of performance in
one period. Finally, the application of this model in the branches of Iranian banks is provided.

Literature Review

(Wu et al., 2026) conducted a study to investigate the efficiency of banks in Cambodia, in which

 Decision Making Units
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a comparison was made between multi-criteria measurement and the DEA approach. At the
end, a comprehensive assessment of the competitiveness and efficiency of 52 units was
presented. A study by (Gupta et al., 2025a) was conducted to investigate the analysis and
prediction of the cost effectiveness of banks in India using a combined approach derived from
DEA and SVR. This study, which was conducted through a twin support vector machine (Twin
Support Vector Regression (TWSVR)), finally introduces a method to estimate the cost
efficiency of decision-making units that combines DDF (Direction Distance Function) with
DEA to manage negative data and undesirable outputs.

(Verma & Kashiramka, 2025) conducted a study to investigate the relationship between
liquidity creation and cost efficiency of banks with ESG disclosure among 103 commercial
banks from 10 emerging banks. In this study, which uses a non-parametric DEA method to
determine the cost efficiency of banks, it proves that cost efficiency has a positive effect on
liquidity creation, but this relationship is negatively moderated by ESG. Another study titled
Predicting and Estimating Bank Profit Efficiency: An Integrated DEA and ML Approach Based
on Network DDF was conducted by (Gupta et al., 2025b). This study provides significant
insights into the field of bank profitability using a mixed network structure and advanced
modeling techniques. (Amirteimoori, 2025) conducted another study on efficiency analysis in
DEA with common resources and undesirable outputs, and application in the banking industry.
This study, which was obtained from a survey of 40 bank branches, shows that the most
important sources of bank inefficiency are related to the interest income and non-performing
loans sectors. A study by (R. P. Das et al., 2025) aimed to evaluate financial efficiency at the
micro level in India, in which 30 financial institutions in India were evaluated using the DEA
method. (Ally, 2025) used data envelopment analysis in a study titled Assessing Sustainability
and Efficiency in Domestic and Foreign Banks in Tanzania, referring to different insights from
the digital world. (Arora et al., 2025) examined the application of the Slack-based DEA
approach to measure the efficiency of banks in the public sector in India despite outstanding
debts in the form of assets. Another study by (Uddin et al., 2025) was conducted titled
Dynamics of Technical Efficiency in the Banking Industry in India. In this study, a long-term
efficiency model of banks in this country was examined using the cross-border DEA approach.

(Obeid, 2025) in his study titled Banking Factors and Various Economic Drivers in the
Productivity Sector of the Banking Sector in Jordan and Insights from DEA, SBM, and Logic
Models found that the banking industry in Jordan has generally performed well despite
economic and geopolitical challenges. In a study conducted by (Boubaker et al., 2025) to
examine the balance between non-performing loans and bank profits, various outputs were
evaluated using DEA, which led to the division of loans in the manufacturing sector into two
categories: good loans and bad loans. (Wang et al., 2025) In a study titled Assessing the Role
of Key Factors in Achieving Higher Levels of Efficiency in Turkey, using the CAMELS-DEA
approach, they examined the efficiency of banks in Turkey in the period 2010 to 2023,
considering the unconventional monetary policies of the central bank, in which a significant
relationship can be observed between efficiency, size, and type of bank. (Eraso Cisneros et al.,
2025) In a study, they examined comparative evidence in the field of technical efficiency and
financial resilience in the banking industry and cooperatives in Ecuador. In this study, which
was conducted using the DEA approach and mixed linear models MLM, it was found that
cooperatives have a higher technical average and are more flexible than banks. (A. Das et al.,
2025) Conducted a study aimed at examining post-merger efficiency in the banking industry in
India. In this study, the impact of mergers on the technical efficiency of the banking industry
was analyzed using the DEA approach, which revealed that private sector banks experience
better improvement than the public sector. A summary of the related literature is shown in Table
1.
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Table 1. A summary of related studies

Row | Author/Year Subject under consideration Desired extracted result
A study on the evaluation of bank - . .
. . o . Providing a comprehensive assessment using
(Wuetal.,, efficiency in Cambodia: A comparison Lo
1 S multi-criteria measurement and DEA of bank
2026) between multi-criteria measurement . .
performance in Cambodia.
and DEA
A study of cgst-effectly cness analys1s Introducing a method to estimate the cost
(Gupta et al., and forecasting of Indian banks using . . . .
2 . . efficiency of decision-making units that
2025b) a hybrid approach derived from DEA . .
combines DDF with DEA.
and SVR
Forecasting and estimating bank . Usmg an 1ptegrgted approach to p?(?wde .
(Gupta et al., . . - significant insights into bank profitability using
3 profit efficiency: An integrated DEA .
2025a) a mixed network structure and advanced
and ML approach based on DDF . .
modeling techniques.
Investigating the relationship between Cost efficiency identified using the DEA
(Verma & RS . . c . L
. liquidity creation and cost efficiency approach has a positive impact on liquidity
4 Kashiramka, . . . . . . .
2025) of banks with ESG disclosure among creation, but this relationship is negatively
103 commercial banks moderated by ESG disclosure.
Efficiency Analysis in DEA with Using DEA to understand that the most
5 (Amirteimoori, Common Resources and Adverse important sources of bank inefficiency are
2025) Outputs and Application in the related to the interest income and non-
Banking Industry performing loan segments.
Investigating and assessing the
sustainability and efficiency of Using the DEA approach to assess sustainabilit
6 (Ally, 2025) domestic and foreign banks in & approz . y
. . . and efficiency in the digital world.
Tanzania, with reference to various
insights from the digital world
Investigating the application of the
(Arora et al Slack-based DEA approach to Focusing on three categories of performance of
7 ” measure the efficiency of public public sector banks in India using the DEA
2025) Lerene ;
sector banks in India despite approach.
outstanding debts in the form of assets
(Uddin et al., Dynamics of technical efficiency in A long-run efﬁmeqcy model of banks in this
8 2025) the bankine industry in India country was examined using a cross-border
£ Y DEA approach.
(Nguyen et al Examining the efficiency and Using a two-stage DEA approach, they found
9 guZ}E)Z 5) ” | performance of Islamic banks during that Islamic banks had moderate efficiency and
the COVID-19 outbreak performance during the Covid-19 era.
Banking Factors and Various
Economic Drivers in the Productivity The banking industry in Jordan has generally
10 (Obeid, 2025) Sector in the Banking Sector in performed well despite economic and
Jordan and Insights from DEA, SBM, geopolitical challenges.
and Logic Models
Various outputs were evaluated using DEA,
1 (Boubaker et Examining the balancing of overdue which resulted in loans in the manufacturing
al., 2025) loans and bank profits sector being divided into two categories: good
loans and bad loans.
Using the CAMELS-DEA approach, the
Assessing the role of key factors in efﬁglency of bgnks in Turkey was e{(am.med
L . . during the period 2010 to 2023, taking into
(Wang et al., achieving higher levels of efficiency . -
12 - ; account the unconventional monetary policies of
2025) in Turkey using the CAMELS-DEA . . L
approach the Central Bank, in which a significant
PP relationship between efficiency, size, and type of
bank is observed.
(Eraso Comparative Evidence Review on Using the DEA approach and mixed linear
. Technical Efficiency and Financial models (MLM), it was found that cooperatives
13 Cisneros et al., o . . . .
2025) Resilience in the Ban.kmg Industry have a higher technical average and are more
and Cooperatives in Ecuador flexible than banks.
Using the DEA approach, the impact of mergers
(A.Dasetal.,, | Astudy of post-merger productivity in on the technical efﬁc1ency.of the banking
14 . . industry was analyzed, and it was found that
2025) the Indian banking industry . .
private sector banks experience better
improvement than the public sector.
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Determination of the Multi-Sector Structure of Bank Branches

In order to implicit multi-sector structure of bank branches based on the present facts and
their executions, bank experts were interviewed. Experts are managers and assistants in three
senior, middle, and junior organizational levels, who have more than 10 years of working
experience in banking, and who are familiar with most issues in banks, particularly branch
activities. Finally, according to librarian studies and the obtained results from experts’
interviews, the network general model was obtained based on figure 2 for banks branches
activities based on figure (2).

Management fee

Management

$1Qap JO UOHOIOD
JUAXMO-UON] 951949

v

Non-operational costs Non-shared revenue [ Profitability ] >

Shared revenue

Cost of Education
Advertising Costs

Visible deposits 5
o " P . Allocation of
Mobilization Savings and similar deposits s
Long-term investment deposit

Figure 2. multi-component structure of bank branches

Figure 2 shows the fact that each branch generally consists of 5 sectors in touch with each
other through a network. The three sectors: services, mobilization, and allocation of resources
are named based on the Islamic banking pattern. (Fadaeinezhad et al., 2015). According to the
importance of management performance in resources, allocation, and the non-current collection
of debts, and also the important effect of two variables on the bank branches' net profit was
emphasized to track and evaluate the two important management and profitability sectors
properly.

In the services sector, non-functional costs such as personnel costs, depreciation costs, and
administrative costs are input variables, and non-shared revenues such as fees and other
incomes are output variables. In mobilization of resources, banks seek to mobilize resources by
providing advertising and education. As it is shown in Figure 2, education and advertisement
costs are input variables, and all visionary deposits, long-term investment, and savings are
considered as output variables in this sector. After resource attraction, banks invest as they are
the customers' representatives and the financial intermediary. Consequently, these investments
are called non-shared revenues. Since non-current collection negatively affects banks'
performances, some costs as fees, are given to the head of branches. The objective is to appraise
the heads and the personnel of branches for the collection of debts. Since non-current debts are
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considered undesirable output, the mentioned problem used Golany and Roll (1989) approach,
using the reverse of undesirable indexes. Scheel (2001) showed that this approach has more
conservative performance than other confrontation techniques with undesirable data.

Finally, it must be mentioned that most banks' purpose of establishing a branch is to increase
net income and profit. Therefore, the profitability sector is significantly important for banks'
senior managers for a more accurate evaluation of the bank's performance. In this sector, shared
revenues, non-current collection of debts costs, and operational costs are input variables, and
net profit is considered the final output variable.

Mathematical Model

By indicating the multi-sector structure and the relationship manner of sectors with each other
in Figure 2, it can be claimed that the mentioned model is in combined multi-sector network
model classification based on the classification of Figure 1. In this part, the DEA of data design
is provided to evaluate this network structure. The used symbols in problem modeling are as
follows in Table 2.

Table 2. Input and output variables

Variable output Intermediate products Input variables
Z1 Non-shared revenue X1 Non-operational costs
Zs visible deposits X2 cost of education
Y, Net profit Zs Savings an.d similar deposits: X3 Advertising Costs
Zy Long-term investment deposit X4 Management fee
Zs Shared revenue X5 operational cost
Zsg Reverse non-current collection of debts

Replacing the mentioned indices in Figure 2 makes an equal network structure in Figure 3.

Xe 1 :
- "“ Component 4 ’
Zs
X5
» v ¥
X: | Component I Z, ‘ Component | v
g 1 ; 5 J
Zs
731 XT:,, Component ‘ Lo Za. Zs a’ Component 1
; 5 :

Figure 3. multi-component model of bank branches

According to the bases of DEA, the efficiency of the service sector (first sector) is defined
as follows:

UiZy;
Ey;j= : )
ViXyj

=12,..,n

M

In this regard, the efficiency of the mobilization of resources (second part), allocation of
resources (third part), management (fourth part), and profitability (fifth part) are defined as
relations (2) - (5)
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_ Uzzzj + U3Z3j + U4Z4]' .

; ,i=12,...,n 2
2 VoXo5 + VaXs; )
Ey = Uss j=12,...,n 3)
37 Uyl + Uplyy + UgZyy ) 7
B, =8l i 15 on (4)
4j V4X4]. ,J gy wenny
WYy
Es; L j=12,...,n ()

I 7 UyZy; + UgZe; + UsZs; + VsXs;”

By considering the mentioned relationships about networks' sectors efficiency, the general
efficiency of the system is defined by having the following relation as a convex combination of
its sub-systems efficiency:

E] = alElj + (XzEzj + (X3E3j + 0(4E4]- + aSESj (6)
In which,
o +a,+a;+a,+as=1 @)

The general research model for each zero-decision-making unit (DMUo) will be made as
follows by considering small logic limits of efficiency smaller than 1(Mehregan, 2011):

Max ZO = (XIElO + azEzo + O(3E30 + O(4E40 + 0(5E50

U,Zy:
Eji=—23 <1,j=12,..,n
bViXy
_ UaZy + UsZsj 1 U, <1,j=12,..,n
2j VoXo) + V3Xg; =T R
UsZs; .
E3j= Sl,,]=1,2,...,n
UpZo; + UsZy; + U, Zy, (8)
UgZg;
P o S 1;;- = 1l2l"'l
4j V4X4]' ] n
W, Yy
Eq; 1y <1,j=12,...,n

I 7 U Zy; + UgZe; + UsZg; + VsXy;
oy +a,+az+a,+as=1
Ul' UZ! U3l U4—l U5! U6v Vll VZ; V3, V4-; V51 W1 2 0

Model Solution Algorithm

The provided model in relation (8) is a non-linear fractional programming model that can't be
solved by common techniques. Consequently, an algorithm design is needed. They must change
into a linear form with mathematical techniques as the first step to simplify the problem.
Limitations will change as follows:

UyZy; —ViXy; <£0,j=12,..,n
UpZyj + UsZzj + UyZyy — VoXp — VX3 < 0,j = 1,2,...,n

UsZs; — UpZy; — UsZs; — UyZy; <0,j=1,2,...,n 9)
UgZej — VuX4i < 0,j=1,2,...,n

Wi Yq5 — UiZgj — UgZgj — UsZs; — VX5 < 0,j = 1,2,...,n

Now, all limits are multiplied by the corresponding «;,j = 1,2,3,4,5 coefficient. In this case,
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the limits of relation (9) will change as follows:

aUyZyj— oy ViXy; <0

0 UzZyj + apUsZsy + apUsZyy — o Vo Xy — apVaX5 < 0

a3UsZsj — az3UpZy5 — azUsZs; — a3UyZy; <0 (10)
0 UgZg; — 0, Vu X4y < 0

asW1 Yy — asUsZgj — asUgZgy — asUsZs; — asVsXs < 0

By changinga;U; = U;j, a;W; = W;;, and a;V; = V;; for various i and j, the non-linear
equation (10) will change to the following linear form: (j = 1,2, ..., n)

Uy Zyj — oy ViXyy; <0

0, Uz Zyj + apUsZsy + 0pUsZyy — Vo Xy — apVaX5 < 0

a3UsZsj — azUyZy; — a3UsZsy — agUsZy; < 0 (11)
0y UgZej — 0y VyX4y < 0

asW, Yy — asUq Zyj — asUgZgj — asUsZsj — asVsXs5 < 0

Model objective function (8) is made from the sum of fractional functions. To solve
fractional problems whose objective function is produced by several fractional functions,
various methods have been provided by Kornbluth and Steuer (1981), Luhandjula (1984), and
Dutta et al. (1992). Dutta et al. (1992) method, inspired by Zimmermann's (1978) method,
solves fractional planning problems. This method is also used in this article to solve the
problem.

Consider the first part of the model objective function (6), we can see that it means a, E j,
to describe the mentioned method. It will change to the following expression by replacing E ;
expression.

o UiZyy  UiiZy
YViXyy o ViXy

aEqj = a,Eq5 = (12)

According to the traits of DEA model, the up limit of each unit efficiency is 1. Assume that
the down limit is defined by decision-makers for the system efficiency and its sectors.
Consequently, membership function of the numerator (12) will be shown as following:

0, Up1Zy; < 6

=<{1-=UyZy;

H11j #’ 91 < U11Z1j <1 (13)
Y

Similarly, denominator membership function will make as follows by defining the down
limit 1 for denominator and undesirable up limit¢,, = 1/6 for denominator (12):

01 V1X1j 2 ¢u
= — Vi Xy 14
M2 u, 1< ViXy5 < by (14)

q)u_l

Considering relations (13) and (14), the maximization of the fractional expression (12) will
be equal to uyq; + pyzjexpression. Membership function for nominator and denominator
expressions and denominator of 4 other fractions can be obtained by relation (6) with a similar
argument.

For the second expression,a, E; ;, membership functions of the denominator and nominator
will be as follows after variable exchanging:
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IO, U22Z2j + U3223]' + U4ZZ4j S 9]
1- UZZZZ]' - U3zz3j - U42Z4j
Ha1j = 1—0, (15)
L ,61 S Uzzzzj + U3223]' + U4224]' S 1
0, VZXZj + V3X3]‘ 2 q)u
= — VX5 — V53X 16
H22j Py 2822j 343j \ 1< V,Xy) + VaXy; < by (16)
q)u -1
The membership function will be as follows for the third expression, a3 Ej3;:
0, Us3Zs; < 6;
M31j = 1 —Us3Zs 17)
Tel,el SUssZg <1
Ifo, UyZyj + UsZsj + UyZy; = &y
Gy — UpZyj — UsZs; — Uy Zy,
Wagi = (18)
32 d)u -1
| 1S UpZy 4 UsZy + UyZy <
The membership function will be as follows for the third expression, a,E,;:
0, UssZej < 6,
=11 —UgZs 19
Moty =02 0420 ) < UgyZey < 1 (19)
1-6
0, VaXyj 2 by
Wagi = { Du — VaXy; (20)
) ﬁ,l S VX < ¢y
Finally, membership function will be as follows for the third expression, asEs;:
0, Ws, Yy < 6,
={1-Ws, Yy,
u51] #,9] S W51Y1]' S 1 (21)
— Yl
_ Gy — UsZy5 — UgZgj — UsZs; — Vs X
p-52] q)u -1 (22)

| 1< UiZyj + UgZe + UsZs; + VsXs5 < by

Relations (13) - (22) followed by limit (11) by maximizing total membership functions will
make the final multi-component model to evaluate DMUo as follows:

Max Hi19 + Hi20 + Hz10 + Ha20 + Ha1o + Hazo + Ha1o + Hazo + Hs10 T Hs2o

Up1Zy5 — Vi1Xy5 <0

Ugz2Zoj + UspZsj + UgpZyj — Vi Xp — V3 X5 < 0

Us3Zsj —Up3Zyj — UsszZsj — UysZyy <0 (23)
UgaZej — V4uXyj < 0

WisYyj — UisZyy — UgsZej — UssZsj — VssXs5 < 0

Vi,j:U; =20,V = 0,W; = 0,U0; =0,V; =0,

Multi-Component - Multi-Period Model
The offered model in the previous part reflects the multi-sector structure of the problem. In
this part, a multi-period model has been studied. Each model variable makes a time series
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following an uncertain statistical distribution in a multi-period structure. For example, X, ; is
replaced with a random vector X;; = (x1;,x%;, ..., x];) inwhich x{; is a x; variable amount of
unit j in the t period. Consequently, we face a type of optimization problem. The concept of

the mean-variance of Markowitz has been used to solve this multi-period problem.
Model (23) will change as follows by replacing random vectors:

M3X~l~l110 + E}zo + fiz10 + H2z0 + 310 + fizz0 + Hazo + Pazo + fs10 + fiszo
Ui1Zy — Vi1 Xy <0

UppZoj + Uy Zsj + UypZyy — VpXp) — VaoX3 <0

U53zsj _U23zzj - U33z3j - U4324j <0 (24)
UsaZej — VaaXyj < 0

WisYi5 — UssZyj — UgsZsj — UssZs; — VssXs; < 0

Vi,j Uy = 0,V = 0,W; > 0,U; 2 0,V; > 0

fl11; and fi;,; vectors will be as follows, based on random vectors:

0, Uy, Zy5 < 6
fagj = Up1Zy — 6 -
0, ik = by (25)
.a12j =\Pu — V1X1j =
— U 1<k, <
] = j=%u
A .
Similarly, relations (15) to (22) will change as follows
0, Uzzzzj + U3zz3j + U4224i <6
. UypZgi + UgpZsi + UypZy — 0
u21j — 2242j 3243j 4244j 1 (26)
1-6,
L ,91 S Uzzzzj + U3223]' + U4224]' S 1
0, Vo Xy + V3X35 = by
22j ¢u 2432j 3 3]’1 szxzj +V3X3]- Sd)u
q)u -1 _
0, U53ZSj S 6]
fiagj = UsaZs; — 6 ~ (28)
1fel,e] S U53ZSj S 1
(0, UpZyj + UsZsi + UyZy5 =
— UyZyi — UgZgi — UyZy,;
ﬁ32j =< q)u 242j 343j 444 (29)
d)u -1
U 1S UpZyy + UsZs + UsZy < 9y
0, U64Z6]‘ S 9]
Pazj = {UssZej — 6 ~ (30)
0, VoK 2 by
flai = -V, X, ~ (31)
42 M,l <V, Xy < by
q)u - _
0, Ws, Yy < 6
flsyj = Ws, ¥y — 0 - (32)
su —Si he Loy < Wy ¥y <1
-9
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I(O, Ulzlj + U6z6]‘ + Uszsj + VSXSj 2 q)u
. Py — Uy Zy; — UgZgi — UsZs: — Ve,
oo = 1= Dt = Doty — Uty — Tty @)
u

k ) 1 S Ulzlj + UGZGj + Uszsj + V5X5j S (l)u

Mean and variance of each random vectors can be calculated by common techniques. For
example, random vectorX, ; = (x;,x%;, ..., x{;) will have the mean of:

T t
= Lt=1X1j
uT oo
And the variance will be:

{=1(xfj - le)z

2 =
le T

These values can be calculated for other random vectors with similar techniques, whose
repetition is avoided. In the mentioned variable, the index and variance are only replaced with
le.

Based on the Markowitz model, the problem is changed to a double-objective problem
including (1) maximization objective function mean and (2) minimization objective function
variance to evaluate the multi-sector, multi-period structure. Considering the related relations
to mean and variance of random vectors, we can obtain the variance and mean of the model
objective function elements (24). Therefore, the mean of the objective function is:

_— Ullzlj + Uzzzzj + U3zz3j + U4zz4j + U53zsj + U6426j + W51?1j — 56,

Hi 1-6,
4 5y — ViXyj — VoXpj — VaXgj — UpZyj — UsZyy — UyZyj — VoXyj — Uy Zyj — UgZg;
bu—1_
—UsZs; — V5Xs;
q)u -1

The following relation is for the variance of the objective function:

2 2 2 2 2 2 2 2 2 2 2 2 2 2
0-2 _ Ullo-’z'lj + U220'~Z~2j + U32023j + U42024i + U53O-ZS]' + U64O-z6]_ + U51O-?1]'
: (162
2 2 2 2 2.2 2.2 2.2 2.2 2.2 2 2
Vl 0-)"{1] + Vz 05{2] + V3 023] + Uz G‘Z“ZJ + U3 0-231. + U4 0’2’4] + V4 0‘5‘(4] + U1 0'21]
— 2
(P —1)

2 52 22 2,2
U6026j + UscrZsj + Vg O%s;

(pu — 1)?

_l_

Therefore, the model objective function (24) is replaced with the following two objective
functions:

Mino?

{Maxﬁj
J

Now, consider the limitations of model (24). Consider the first limitation of the model,
Uy1Z,; — V1, X1; < 0. Based on Chebyshev's inequality, Z;; random variable with mean Z;
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and variance azzlj is in distance (Z_lj — kazlj,Z_lj + k"Z‘U) with a minimum probability of

100(1 — @)% in which k =./1/a (Azar and Momeni, 2015). Consequently, the random
variables of this limitation will change by being replaced with confidence intervals as follows:

Ull (21] - kczlj' 21] + kczlj) - Vll (Xll - kO‘XIj, Xl] + ko_il]) S 0

This relation will change by having some operations on distance numbers as follows:

To have a distance number of the left side smaller than the number of the right side, the
upper limit and the mean of this number must be smaller than the number of the right side.
(Ayshybvchy and Tanaka, 1990) Consequently, the mentioned inequity will be replaced with
the two following inequities:

Ull (21] + kczlj) - Vll (Xll - kcil]) < 0
Ullzli - V11X1]' S 0

Similarly, other limitations of model (24) are replaced with the two equal limitations by
replacing Chebyshev distance with random variables, using relationships among distance
numbers and relationships among numbers. Consequently, final double- objective model with
model (24) will be obtained as follows:

Maxjy;

Mino?

S.T.

Ull (21] + kO‘zll) - Vll (Xll - kGXI]) S 0

Ullzlj - V11X1j <0

U22 (22] + k()'zz]) + U32 (23] + kO‘z3]) + U42 (241 + kG’Z“‘H) - V22 (le - kO‘y(z]) - V32 (23] - kO‘Xa}])
<0

UZZZZj + U3ZZ3j + U4-ZZ4-j - V22X2j - V32X3j <0

U53 (25] + kO"Z“Sj) - U23 (22] + kczzj) - U33 (231 + kG’Z“3j) - U4_3 (24] + kcz‘”.) <0

UsaZsj — Uz3Zpj — UsaZsj — UssZsj < 0

U64 (26] + szGl) - V44 (X‘l'] - kO‘)’Z‘H) S 0

UpaZej — V4aXgy < 0

W51 (?1] + kO-’ZY*-”) - U15 (21] - szl]) - U65 (26] - kG'Z6]) - U55 (25] - kGZSJ) - V55 (XS] - kGXS])
<0

Ws1Y1j — UisZyj — UgsZej — UssZsj — VssX5 < 0

Vi,j!Ui]‘ = O,Vij = O,Wij = O, Ui = O,Vi = 0,

(34)

Model (34) is a non-linear bi-objective model with linear limitations. In this step, a fuzzy
approach was used to solve model (34). Assume that the total limitations of model (34) are

shown with X, and the decision variables with x = {Vi,j: Uijj =0,V;; 20,W;; =20,U; =
0,V; > 0}. In this regard, model (34) is summarized as follows:

Maxjy

Minoj2 (35)
S.T.xeX

To solve this model, two ideal and anti-ideal values were obtained for each j; and ajz
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functions. The ideal value can be obtained from the solution of the single-objective problem for
g function:

Maxﬁ]
S.T.x€X (36)

Assume that the optimum solution of this problem is u;. The anti-ideal value is u; = 0.
Similarly, the ideal value of the variance function will be ajz* = 0 an anti-ideal value will be
obtained by solving the following model.

Maxc]-2 37)
SST.xeX

This is an optimization, order 2 problem, and it is simply solved by the existing software.
Assume that the anti-ideal value is ajz‘.

According to these ideal and anti-ideal values, the mean membership function can be made
as follows:

0 0=

)\ ) = I»_l _ «

() {u_] 0 <l <y
j

Actually, if the mean is smaller/equal to zero, its desirability is zero. Then this desirability
will increase linearly in 0 < &; < u; distance. The membership function relation for the
variance function will be as follows:

0, 0~ <o}
’1(01'2) =40/ — o}
=

9j

2 2—
0 <0 <gj

According to the additivity of two functions A(jz;) and A(a7), the dual-objective problem
of model (34) will change to a single-objective problem as follows:

MaxA(f;) +A(o7) (38)
S.T.x € X

Values of decision-making variables will be obtained by solving the mentioned non-linear
single-objective model, and variables of the mean efficiency of various sectors can be obtained
by replacing these coefficients in the relations E;; <E,; <E3; <E4; and Es; and using the mean
values of input and output indexes.

Case Study

The proposed model in Eq. (38) is a linear programming model that is solved by the present
methods. In this part, the mentioned model is used to evaluate the performance of 439 branches
of one Iranian bank.

After the collection of the related data to input and output variables, a MATLAB code has
been used to solve model (38) for each mentioned branch. Performance histogram of each five-
bank sector is shown in Figures 4 to 8.
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Variance analysis has been used to more accurately study the bank’s various efficiency
results, comparing equality of several population means, which means evaluating the lack of
difference among efficiency means of five bank structure sectors. The mentioned hypothesis is
defined as follows:

{ Hotply = pp = li3 = g = UUs
H;:atleast one equity is not sarisfied.

In which, uq, uy, us, pug, us are mean efficiencies of service, mobilization of resources,
allocation of resources, management, and profitability, respectively, which have been obtained
from model-solving results. The results of this test are shown in Table 3.

Table 3. One-Way ANOVA for Differences in Efficiency Among Bank Sectors

Source of Variation Sum of Squares df Mean Squares Statistic F Sig.(p-value)
Between Sectors 451/55 4 863/13
Within Sectors 077/314 2190 143/ 663/96 000/0
Total 528/369 2194

According to the mentioned table, the P-value was calculated as 0.000. Consequently, Ho
(indifference to various sectors' efficiency) was rejected at 5% confidence level. Paired
comparisons of various sectors' mean efficiency are shown in Table 4, using the least significant
difference (LSD) test.
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Table 4. 95% Confidence Intervals for Efficiency Differences Between Sectors
Sector(1) Sector(J) Mean Difference Std. Error Sig

Mobilization +/07751" 02556+/ +/002

. Allocation +/26258" 02556/ +/000
Services =

Management /45481 02556+/ +/000

Profitability +/25432" 02556/ +/000

Services -+/07751" 02556+/ +/002

L Allocation +/18507" 02556/ +/000
Mobilization -

Management +/37730 02556+/ +/000

Profitability +/17681" 02556/ +/000

Services -+/26258" 02556+/ +/000

. Mobilization -+/18507" 02556/ +/000
Allocation —

Management +/19222 02556+/ +/000

Profitability -+/00827 02556/ /746

Services -+/45481" 02556+/ +/000

Mobilization -+/37730" 02556/ +/000
Management - <

Allocation -+/19222 02556+/ +/000

Profitability -+/20049" 02556/ +/000

Services -+/25432" 02556+/ +/000

N Mobilization -+/17681" 02556/ +/000

Profitability -
Allocation +/00827 02556+/ /746
Management +/20049" 02556+/ +/000
Conclusion

According to the calculated significant level, the mean efficiency of allocation of resources and
profitability sectors does not show a significant difference, while the difference between means
of other sectors is considerable. The mean efficiency of each sector was 54.55%, for the service
sector 46.68%, for the mobilization of resources 28.17%, 29%, and 8.95% for allocation of
resources, profitability, and management, respectively, at a 95% significance level.

Evaluating efficiency is one of the most important challenges faced by managers in the
dynamic and vital banking industry. A lack of efficiency implies high costs of funds within
banks, which in turn leads to increased expenses, reduced profitability, and potential financial
crises. Therefore, adopting a deep and rigorous approach to efficiency assessment in banks is
of great significance.

Models based on Data Envelopment Analysis (DEA) have been widely used for measuring
and evaluating bank efficiency. However, a major shortcoming of classical DEA models is their
failure to consider the internal structure and workflow within bank branches and departments.
Previous research has attempted to identify and evaluate such internal structures in banking
systems.

In the present study, after conducting interviews with banking experts, a localized
operational flow typical of Iranian banks was identified. This flow consists of five main
components: mobilization of resources, allocation of resources, management, profitability, and
services. Based on this structure, an efficiency evaluation model was designed, and a fuzzy
algorithm-based approach was developed to solve it.

Applying the proposed model to 210 branches of one of the country’s major banks showed
that, although the services and mobilization sectors demonstrate relatively higher efficiency,
the management sector suffers from significant inefficiency. This finding highlights the need
for greater managerial attention in areas such as loan allocation, customer service quality, and



272 Nilchi and Razavi Hajiagha

the reduction of financial and non-financial costs, which could help address the observed
shortcomings.

Based on the obtained weights for the evaluation indicators and the performance of branches
on these indicators, one major reason for the low managerial efficiency appears to be the
absence of quantitative and standardized criteria for evaluating the qualitative aspects of branch
management. Moreover, increasing resource mobilization by reducing operational costs and
boosting joint revenues can improve both overall efficiency and the efficiency of the allocation
and profitability sectors. Furthermore, the high level of non-performing loans, as an undesirable
output, has contributed to both overall and managerial inefficiency within the bank.

The current study deals with several limitations. first of all, the input and output variables
data are considered as exact, while usually they are determined with uncertainty. On the other
hand, the problem is formulated in a single time period, while bank branches are performed
sequentially over time. Finally, the network components' efficiencies are aggregated using a
weighted linear combination, while the network structures can be handled using other methods
reviewed by Kao (2014) and Ranter, Shaposhnikov, and Lychev (2023).

References

Ally, Z. (2025). Evaluating the Efficiency and Sustainability of Domestic and Foreign Banks in Tanzania: Insights
from the Digital  Transformation  Era.  Business  Strategy &  Development,  8(2).
https://doi.org/10.1002/bsd2.70092

Amirteimoori, A. (2025). Efficiency analysis in two-stage data envelopment analysis with shared resources and
undesirable outputs: an application in the banking sector. International Transactions in Operational Research,
32(5), 2453-2473. https://doi.org/10.1111/itor.13454

Anh, P. T. (2025). A Comprehensive Efficiency Assessment of Vietnamese Banks: Based on the Two-stage
SBM-DEA Model with Undesirable Outputs. Asia-Pacific Financial Markets.

Arora, H., Sinha, R. P., Arora, P., & Sharma, S. (2025). Application of a Slack-Based DEA Approach to Measure
Efficiency in Public Sector Banks in India with Non-Performing Assets as an Undesirable Output. Journal of
Risk and Financial Management, 18(4), 193. https://doi.org/10.3390/jrfm18040193

Bolés, V. J., Benitez, R., & Coll-Serrano, V. (2025). deaR: Conventional and fuzzy DEA models with R.
SoftwareX, 31, 102266. https://doi.org/10.1016/j.s0ftx.2025.102266

Boubaker, S., Le, T. D. Q., Manita, R., & Ngo, T. (2025). Balancing bank profits and nonperforming loans: a
multiple objective programming approach. Annals of Operations Research, 346(2), 839-860.
https://doi.org/10.1007/s10479-024-05831-x

Breitenlechner, M., Geiger, M., & Scharler, J. (2022). Bank liquidity and the propagation of uncertainty in the
U.S. Finance Research Letters, 46, 102467. https://doi.org/10.1016/j.frl.2021.102467

Charnes. A., WW Cooper, B., Golany, LM Seiford and J Stutz, 1985. Foundations of Data Envelopment Analysis
for Pareto-Koopmans Efficient Empirical Production Functions. J Econometrics, Vol. 30, pp. 91-107.

Das, A., Barik, N., Deo, M., & Selvamani, V. L. (2025). Post-M&amp;A Efficiency in Indian Banking Sector:
Insights From Data Envelopment Analysis. Journal of Public Affairs, 25(3). https://doi.org/10.1002/pa.70062

Das, R. P., Jha, M. K., & Jha, A. P. (2025). Evaluating Financial Efficiency of Microfinance Institutions: Evidence
from India. Managerial and Decision Economics, 46(5), 2968-2985. https://doi.org/10.1002/mde.4510

Devil, A., 2009. Branch banking network assessment using DEA: A benchmarking analysis-A note, Management
Accounting Research, Vol. 20, pp.252-261.

Dutta, D., Tiwari, R.N., Rao, J.R., 1992. Multiple Objective Linear Fractional Programming Problem-a Fuzzy Set
Theoretic Approach, Fuzzy Sets and Systems, Vol. 52 , pp. 39-45.

Edo, S. (2025). Digital transformation and financial development in emerging economies: regional variations and
policy contingencies. Digital Economy and Sustainable Development, 3(1), 12.

Emrouznejad, A., Parker, B., Tavares, G., 2008. Evaluation of research in efficiency and productivity: A survey
and analysis of the 30 years of scholarly literature in DEA, Journal of Socio-Economics Planning Science,
42(3), pp.151-157.

Eraso Cisneros, B., Pérez-Rico, C., & Gallizo Larranz, J. L. (2025). Banking and Cooperatives in Ecuador:
Comparative Evidence of Technical Efficiency and Financial Resilience. Journal of Risk and Financial
Management, 18(9), 501. https://doi.org/10.3390/jrfm18090501

Fadaeinezhad, M.E., Sadeghi Sharif, S.J., Nilchi, M., 2015. Financial Management in Iran (Second Edition),
Navidmehr publication.

Fare, R., Grosskopf, S., 2000. Network DEA. Socio-economic planning science, VVol.34.


http://deazone.com/en/charnes-a-ww-cooper-b-golany-lm-seiford-and-j-stutz-1985-foundations-of-data-envelopment-analysis-for-pareto-koopmans-efficient-empirical-production-functions-j-econometrics-3012-91-107-3
http://deazone.com/en/charnes-a-ww-cooper-b-golany-lm-seiford-and-j-stutz-1985-foundations-of-data-envelopment-analysis-for-pareto-koopmans-efficient-empirical-production-functions-j-econometrics-3012-91-107-3

Advances in Industrial Engineering, June 2026, 60(1): 255-274
273

Farsijani, H., Arman, MH., Jalili, A., 2011. provided DEA with input-output oriented approach, Journal of Vision
Industrial Management, Issue 1, 39-56

Fukuyama, H., Matousek, R., 2011. Efficiency of Turkish banking: Two-stage network system.Variable returns to
scale model, Int. Fin. Markets, Inst. and Money, Vol. 21, pp. 75-91.

Golany,B., Roll, Y.,1989. An application procedure for DEA. Omega: The International Journal of Management
science, Vol. 17, pp.237-250.

Gupta, N., Puri, J., & Setia, G. (2025a). Analyzing and predicting the cost-effectiveness of Indian banks using
hybrid network DEA and twin SVR approach. Annals of Operations Research. https://doi.org/10.1007/s10479-
025-06767-6

Gupta, N., Puri, J., & Setia, G. (2025b). Profit efficiency estimation and prediction of banks with mixed structure:
a unified DDF-based network DEA and ML approach. Operational Research, 25(3), 63.
https://doi.org/10.1007/s12351-025-00941-1

Jahanshahlu, GH., Hosseinzadeh lotfi, F., Nikumaram, H., 2010. DEA and its applications, publication of works
of exquisite.

Kao, C. 2014. Network data envelopment analysis: a review. European Journal of Operational Research. 239(1),
1-16.

Kao,Ch., Liu,Sh.T.,2013. Multi-period efficiency measurement in data envelopment analysis:The case of
Taiwanese commercial banks, Omega.

Kord, B., Sheikhzadeh, Sh., Jafari, R., 2011. to evaluate the efficiency of the banks to the DEA. Case study: a bank
Sistan and Baluchestan Province, the third national conference on data envelopment analysis

Kornbluth, J.H.S., Steuer, R.E., 1981. Multiple Objective Linear Fractional Programming, Management Science,
Vol. 27, pp.1024-1039.

Liu, J.S., Lu, L.Y.Y., Lu, W.M. Lin, B.J.Y., 2013. Data envelopment analysis 1978-2010: A citation-based
literature survey, Omega, Vol. 41, pp. 3-15,2013.

Luhandjula, M.K.,1984, Fuzzy Approaches for Multiple Objective Linear Fractional Optimization, Fuzzy Sets and
Systems, Vol. 13, pp. 11-23.

Luo, X.,2003. Evaluating the profitability and marketability efficiency of large banks an application of data
envelopment analysis. Journal of Business Research, VVol.56, 627-635.

Mehrabian, S., Saati Mohtadi, S., Hadi, A., 2011. evaluate the performance of the new economy with a
combination of neural network of bank branches and DEA, Journal of Operations Research and its
Applications, No. 4, pp. 39-29

Mehregan, MR., 2012. DEA: little models, performance evaluation, publishing academic books, second edition.

Moazzemi Gudarrzi, MR., Jaberansari, MR., Moallem, A., Shakiba, M., 2014. using data envelopment analysis
(DEA) to evaluate and rank the relative performance of bank branches well-being of the province and
comparing its results with TOPSIS, Journal of Economic Research (growth and sustainable development),
No.1, pp.115-126.

Nguyen, L.-H., Le, T. D. Q., & Ngo, T. (2025). Efficiency and performance of Islamic banks amid COVID-19.
Journal of Islamic Accounting and Business Research, 16(5), 873-889. https://doi.org/10.1108/JIABR-05-
2022-0129

Obeid, R. (2025). Fintech, Banking Factors, and Economic Drivers of Efficiency in Jordan’s Banking Sector:
Insights from DEA, SBM, and Logit Models. International Journal of Economics and Financial Issues, 15(3),
293-300. https://doi.org/10.32479/ijefi.18710

Papathomas, A., & Konteos, G. (2023). Financial institutions digital transformation: The stages of the journey and
business metrics to follow. Journal of Financial Services Marketing.

Ramanathan, R.,2003. An introduction to data envelopment analysis for performance measurement. New Delhi:
Sage Publication India.

Ranter, S.V., Shaposhnikov, A.M., Lychev, A.V. 2023. Network DEA and its applications (2017-2022): a
systematic literature review. 11(9), 2141.

Ray S.,2016. Cost efficiency in an Indian bank branch network: A centralized resource allocation model. Omega,
Vol. 59.

Razvi hajiagha,S.H.,Hashemi,Sh.S.,Amoozad Mahdizji,H.,Azaddel ,J.,2015.Multi-period data envelopment
analysis based on Chebyshev inequality bounds, Expert Systems with Applications , VVol.42, 1ss.21, PP. 7759—
7767.

Razavi Hajiagha, S.H., Nilchi, M., Hanifi, S., 2015. the efficiency and profitability of banks resources with fuzzy
data envelopment analysis model, the first national conference on optimization and decision-making.

Saaei, S., Najafi, E., 2014. using data envelopment analysis model to assess supply chain performance three-level,
Journal of Industrial Management, Islamic Azad University of Sanandaj, No. 25.

Scheel, H.,2001. Undesirable outputs in efficiency valuations. European Journal of Operational Research, Vol.
132, Issue 2, 400-410.

Shi, X., Wang, L., & Emrouznejad, A. (2023). Performance evaluation of Chinese commercial banks by an



https://doi.org/10.1108/JIABR-05-2022-0129
https://doi.org/10.1108/JIABR-05-2022-0129
https://doi.org/10.32479/ijefi.18710
http://www.sciencedirect.com/science/journal/09574174

274 Nilchi and Razavi Hajiagha

improved  slacks-based DEA  model. Socio-Economic  Planning  Sciences, 90, 101702.
https://doi.org/10.1016/j.seps.2023.101702

Tafazoli, F., 2015. macroeconomic theory and economic policy (third edition), Nashre-Ney publisher, 17%
printing.

Tavassoli, M. (2025). Measuring fair efficiency decomposition in network DEA model under uncertainty:
modeling and computational aspects for sustainable supply chain performance assessment. Operational
Research, 25(3), 64.

uUddin, S. M. M., Akhtar, S., Qamar, F., & Al Mughairi, H. (2025). Dynamics of technical efficiency in the Indian
banking sector: a metafrontier DEA approach. Quality & Quantity, 59(3), 2475-2510.
https://doi.org/10.1007/s11135-025-02058-1

Verma, G., & Kashiramka, S. (2025). Balancing ESG disclosures and cost efficiency: Implications for bank
liquidity. Finance Research Letters, 85, 108141. https://doi.org/10.1016/j.frl.2025.108141

Wang, H., Sua, L. S., & Dolar, B. (2025). CAMELS-DEA in assessing the role of major factors in achieving higher
efficiency levels: evidence from Turkish banks. Applied Economics, 57(27), 3844-3861.
https://doi.org/10.1080/00036846.2024.2339186

Wu, W.-Y,, Liao, Y.-K,, Chang, W.-S., Vo, T. T., Dang, G. V., Wu, T. C., Un, L., Phou, S., & Hang, C. (2026).
An assessment of bank efficiency in Cambodia: A comparison between multi-criteria measurement and the
DEA approach. Asia Pacific Management Review, 31(1), 100390.
https://doi.org/10.1016/j.apmrv.2025.100390

Wanke, P., Barros, C,.2014. Two-stage DEA: An application to major Brazilian banks, Expert Systems with
Applications, Vol.41, PP. 2337-2344.

Yang, Ch., Liu, H.M.,2012. Managerial efficiency in Taiwan bank branches: A network DEA, Economic
Modelling, Vol. 29, pp. 450-461.

Zimmermann, H.J.,1987. Fuzzy programming and linear programming with several objective functions. Fuzzy
Sets and Systems, Vol. 1,Issue 1 ,pp. 45-55.

Xu, G. (2025). The role of banking development in economic growth: Quantity versus quality. Economic Affairs,
45(2), 261-276. https://doi.org/10.1111/ecaf.12699

@ @ This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution (CC-BY) license.



https://creativecommons.org/licenses/by/4.0/

