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Introduction 

   Urban rail transit is a crucial part of the basic urban 
public transportation system. When considering the 
realistic urban advancement of all nations, rail transit 
emerges as a key instrument for urban transportation in 
industrialized nations and areas due to its benefits, which 
include low carbon emissions, less land occupation, quick 
speed, safety and reliability, punctuality and comfort, and 
mass transit capacity [1].
   The development of urban rail transit is regarded as 
a feasible solution to alleviate the concerns for urban 
transportation. This work aims to define sustainability in 
urban public transportation, understand the mechanisms 
behind sustainable development in urban public 

transportation, propose a fuzzy sustainability index 
for creating urban rail transit systems that are socially 
equitable, environmentally sound and economically 
viable. 
   The most common approach to evaluating sustainability 
consists of indicator systems that assist in grouping each 
indication according to particular themes pertaining to 
a community's mission and objectives. By taking long-
term effects on the development of urban rail transit into 
account, sustainability evaluation can be incorporated at 
the planning level to influence policy and decision-making. 
The selection of relevant indicators in accordance with the 
selected scientific framework and assessment dimensions 
is another prerequisite for building a successful evaluation 
index system. The proper assessment dimensions and a 



 74 | Volume 2 Issue 1, 2024 Decision Making and Analysis

trustworthy, all-encompassing and applicable framework 
are chosen to form the foundation of the evaluation index 
system. Indicators for evaluating public transportation 
sustainability using various criteria have been thoroughly 
studied by numerous academics in recent years.
   Three main parties are involved in public transportation. 
The government  makes reference to  the  publ ic 
transportation system, which prioritizes ultimate 
operational performance while providing public services 
to satisfy social requirements. The operating companies, 
on the other hand, usually concentrate on production 
efficiency in order to maximize output while reducing 
costs. The expectations held by operators, governments, 
passengers and among other stakeholders are different. 
In addition to expecting good service at a reasonable 
price, passengers' primary concerns are journey time 
and expense. The assessment of the efficiency of public 
transportation services is the ultimate performance result, 
which is passenger flow and passenger miles. Every 
stakeholder's perspective must be taken into account when 
assessing the operational success of public transportation 
due to the varying attitudes and expectations of these 
parties [2]. 
   Previous studies reveal gaps and shortcomings in 
facilitating systematic performance evaluation of urban 
rail transit systems. The following highlights of this study 
demonstrate the novelty of the proposed approach with the 
respective gaps identified in the current knowledge:
• Clar i fy  the  mechanisms for  the  susta inable 

development of urban public transportation.
• Define criteria for assessing the sustainability 

performance of urban rail transit based on urban rail 
transit system and network, system capacity, capacity 
of station elements, comfort and customer service, 
multimodal integration, environmental, economic, 
financial and social sustainability indicators.

• This  s tudy appl ies  the  ‘Fuzzy Performance 
Importance Index’ to assess the ‘Urban Rail Transit 
Suitability’.

• This study offers a practical approach to visualize 
the level of transport sustainability for an integrated, 
advanced development of public transport by 
providing a roadmap for decision makers.

• This study applies a fuzzy transport sustainability 
evaluation framework among urban rail transit 
systems that do not exist in previous literature.

• This study is the first fuzzy logic based assessment 
to evaluate the sustainability, system effectiveness 
of urban rail transit and performance ratings and 
important weights of urban rail transit in the 
metropolitan area of Istanbul by the decision maker 
group (operators, government, transport users).

   This remaining sections of this paper are organized 
as follows. Section 1.1 and Section 1.2 perform a detail 
analysis of the literature to investigate the important 
indicators specific to sustainability of urban rail transit and 

construct a workflow using the fuzzy logic-based approach 
for an index-based sustainable performance assessment 
framework. Section 2 presents the research methodology, 
methods and the flowchart of the methodology adopted 
step by step for the integrated and sustainable performance 
evaluation of urban rail transit systems using the fuzzy 
sustainability index. Section 3 presents the study findings 
and section 4 discusses the results and concludes with 
remarks.

1.1 Literature review

   Urban rail transit systems require significant capital 
expenditures as well as high operating costs; therefore, 
performance evaluation is necessary for effective resource 
management and adequate service provision. Research 
on performance measurement in public transport systems 
has expanded significantly in recent years, with a clear 
distinction between financial and quality-of-service 
performance frameworks. Cost efficiency is no longer 
the only performance metric considered; service quality, 
which affects ridership attraction and retention, has 
been drawing increasing attention lately. Performance 
evaluation is essential for the effective use of resources 
and adequate provision of services in urban rail transit 
systems, as these systems require significant capital 
expenditures and high operating costs [3]. 
   Based on the approaches reviewed in the literature, 
global research on simulating the sustainability of 
transportation systems has grown in quality and quantity. 
To shed light on the methods and analytical tools utilized 
for more successfully integrate and evaluate sustainability 
parameters, this article first reviewed various tools 
and methodologies adopted in the literature, including 
graphical models [4], economic-based models [5], system 
dynamics approaches [6], integrated transportation and 
land use models [7], simulation and decision analysis 
models [8], environmental impact analysis [9], and life 
cycle assessment (LCA) [10].
   Kusakci et al. [11] used fifty-three variables on the 
institutional, social, environmental and economic 
dimensions in order to create a Sustainable Cities Index 
(SCI) and evaluate the sustainability performance of thirty 
metropolitan areas in Turkey between 2010 and 2018. The 
study provides insightful information about urbanization 
patterns and motivates local governments to make 
more effort to weigh the advantages and disadvantages 
of sustainability-related public policies.  Kumar and 
Anbanandam [12] evaluated the current sustainability 
performance of the freight transportation industry with an 
index called the "Fuzzy Transportation Environmental and 
Social Sustainability Index", which is based on a fuzzy 
multi-criteria decision-making method (MCDM).
   Hou et al. [13] reviewed the common metrics used in the 
sustainable evaluation of public transportation. Average 
travel time and speed, frequency, service satisfaction, 
etc. are the most commonly used indicators of system 
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efficiency. In respect to environmental dimension, the 
most commonly used indicators are energy consumption, 
greenhouse gas and pollutant emissions. Finally, network 
coverage, accessibility, vehicle occupancy, human 
health, etc. are the most common indicators for the social 
dimension.
   A fuzzy logic-based methodology for evaluating 
sustainable performance was tested by Gandhi and 
Kant [14], which includes sustainability metrics for 
rail freight transportation. This study utilizes an index-
based framework for sustainable performance assessment 
with the spherical fuzzy analytic hierarchy process (SF-
AHP). Expert consultation and literature analysis are 
used to produce the thirty-six sustainability indicators. 
Lazar and Chithra [15] outlined the earlier research in 
the field of building sustainability assessment methods. 
They presented the critical sustainability criteria and 
the corresponding sustainability indicators for the 
environmental, social and economic dimensions.
   From the perspective of operational sustainability, 
Yang and Liu [2] developed a model for analysing the 
operational performance of urban rail transit systems in 
China. From the viewpoint of operators and passengers, 
this study presents the selected input-output variables and 
describes a detailed workflow for evaluating sustainable 
operational performance. Decision criteria that influence 
passengers' choice of public transportation include the cost 
of tickets, connections to different modes of transportation, 
connections between lines, frequency of construction 
of shared facilities, etc. These selection criteria have 
a significant impact on how well the urban rail transit 
system operates overall [2].
   We hope that our work will contribute to a better 
understanding of ‘Characterization of methodologies for 
integrated assessment of urban rail transit sustainability’ 
and we construct a workflow using the fuzzy logic-based 
approach for an index-based sustainable performance 
assessment framework. Fuzzy logic is a branch of 
mathematics that allows a computer to model the real 
world as the same way that humans do. It provides 
a simple way to reason with vague, ambiguous and 
imprecise input or knowledge. Fuzzy set theory is 
recognized as an important technique for modeling and 
solving problems [16]. 
   We have identified clear and concise research questions. 
The following research questions enable to select the 
appropriate research methodology and design: a). Which 
subjects, problems or decision indicators are studied? 
b). What methods are used for evaluating sustainable 
performance? c). What research methodology is best 
appropriate to achieve the research aims and objectives? 
d). Does the proposed methodology facilitate a systematic 
understanding of the prominent measures to achieve a 
high level of sustainable transport performance? 
   To sum up, this study comprehensively explores 
the systematic assessment of transportation system 
performance in order to obtain a structured, easily 

applicable, multidimensional, collaborative model for 
performance measurement and this study effectively 
demonstrates the fuzzy logic-based decision making 
technique for urban rail transit network, system capacity, 
station element capacity, comfort and customer service, 
multi-modal integration, environmental, economic, 
financial and social sustainability.

1.2 Determination of performance indicators

   The technique for performance measurement serves 
as the foundation for the actions that must be taken 
to identify issues, measure the degree of application 
of principles, and assess the performance level of the 
transportation industry. To enable an objective evaluation 
based on the comparison, it is first important to identify 
the objectives and the appropriate performance indicators 
and standards. Then, it is necessary to collect the relevant 
data and carry out the measurements. In this case, 
identifying performance indicators is crucial to effectively 
manage the performance of urban rail transit systems. 
   The use of sustainability indicators in the assessment and 
planning of transportation was comprehensively addressed 
by Litman [17]. Establishing goals is the first step in the 
evaluation and planning process for transportation. Goals 
help to define planning objectives, targets and outcomes. 
Jasti and Ram [18] used fuzzy logic and the analytical 
hierarchy approach to create a framework specialized by 
mode that is both integrated and sustainable. The criteria 
of network system, system and station capacity, comfort, 
multi-modal integration, and environmental, economic, 
financial and social sustainability are selected to calculate 
the performance scoring, transport sustainability weighting 
and transportation system effectiveness.
   The comprehensive performance evaluation model offers 
consistent representative factors for promoting continual 
improvement, providing the necessary data to support the 
decision-making process, supplying long-term consistent 
profitability and monitoring compliance with regulations. 
The study’s framework consists of 9 performance 
indicators structured with 33 evaluation metrics (sub-
criteria). Figure 1 shows the main and sub criteria of 
transport sustainability. The development of urban rail 
transit systems includes the following “collectively 
structured” objectives. 
   We proposed 4 main indicators including environmental, 
economic, financial and social sustainability and 14 
sub-indicators, 4 main indicators for the effectiveness 
of transport system with 13 sub-indicators and 1 main 
indicator for multimodal integration with 6 sub-indicators. 
The identified indicators are listed in Table 2. The sub-
indicators/ evaluations criteria for urban rail transit 
are listed. The assignment of ratings to the criteria / 
evaluations are explained in detail in the following part of 
Step 2. In each row, the references that refer to previous 
literature studies are listed.
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Figure 1. Main and sub criteria of transport sustainability [18]

2. Materials and methods

   An extensive model for assessing the performance of 
urban rail transit is presented in this article. Rajak et 
al. [19] developed a conceptual model to calculate the 
Fuzzy Performance Importance and Fuzzy Transport 
Sustainability Indexes. This methodology is adopted in this 
study for the performance indicators of urban rail transit 
system. Lin C.-T. et al. [20] used a similar method to 
develop the agility index using fuzzy logic. In this method, 
the importance weights and performance ratings of various 
agility characteristics evaluated by specialists are expressed 
in linguistic words. The corresponding fuzzy numbers are 
then utilized to represent the linguistic values. These fuzzy 
numbers are then combined into a single fuzzy number, 
the fuzzy-agility-index (FAI), via a simple arithmetic 
fuzzy process. Furthermore, the linguistic expression of 
the agility level is made possible by matching the FAI 
with suitable linguistics. Finally, the fuzzy performance 
importance index (FPII) is developed for each agility 
capability to assist managers in determining the primary 
risk factors and urge them to implement a suitable action 
plan to raise the agility level. 
   The architecture of this study includes 9 performance 
indicators structured with 33 evaluation criteria (sub-
criteria). 9 main indicators proposed by Jasti and Ram 
[18] were selected for this study. In this study, 4 main 
indicators (environmental, economic, financial and social 
sustainability) and 14 sub-indicators, 4 main indicators 
of transport system effectiveness with 13 sub-indicators 
and 1 main indicator of multimodal integration with 6 
sub-indicators are used, which are distinct from other 
previous studies. Rajak et al. [19] developed a conceptual 
model for the performance evaluation of urban rail transit 
systems using the fuzzy sustainability index. On the 
basis of extensive research and discussions with experts 
and practitioners, appropriate performance metrics are 

created. This approach takes into account the ambiguity 
and diversity of factor measurement while allowing the 
consideration of the critical relationships between criteria 
and decision levels [21]. In order to assess the success of 
a project or service, this approach can be used to detect 
and resolve instances in which different stakeholders and 
service providers have conflicting expectations and goals 
for performance measurement [22]. For collaborative 
performance measurement, a committee of three decision 
makers is selected: D1 (operator), D2 (government) and 
D3 (transport users). After collecting relevant inputs on 
linguistic factors from experts and decision makers, the 
inputs are fuzzified and the Fuzzy Performance Index 
(FPI) is calculated. The flowchart of the step-by-step 
methodology applied is presented in Figure 2.
   Step 1: Selecting the proper linguistic scale to evaluate 
the sustainability and system effectiveness of urban rail 
transit performance ratings and important weights
   It is more appropriate to think of fuzziness as a non-
probabilistic type of ambiguity when working with 
humanistic systems. Formulating and conveying 
quantitative fuzzy variables as linguistic notions requires a 
basic understanding of fuzzy numbers [23].
   Fuzzy logic is characterized by the ad hoc use of language 
concepts and associated membership functions. Notably, a 
large number of well-known language phrases along with 
matching membership functions have been proposed for 
linguistic evaluation [21]. The importance weights and 
performance ratings of the transport sustainability qualities 
are evaluated using linguistic terms. This study has adopted 
the linguistic scale that Lin et al. [20] used. 
   As Table 1 illustrates, the following linguistic variables are 
used to rate the performance of the transport sustainability 
capabilities and the linguistic assessments employed by 
decision makers to determine the relative importance of the 
transport sustainability features. 
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Figure 2. Flowchart of methodology

Table 1. Fuzzy numbers for approximating linguistic variables

Performance rating Importance weighting
Linguistic variable Fuzzy number Linguistic variable Fuzzy number

Worst (W) (0, 0.5, 1.5) Very low (VL) (0, 0.05, 0.15)
Very poor (VP) (1, 2, 3) Low (L) (0.1, 0.2, 0.3)

Poor (P) (2, 3.5, 5) Fairly low (FL) (0.2, 0.35, 0.5)
Fair (F) (3, 5, 7) Medium (M) (0.3, 0.5, 0.7)

Good (G) (5, 6.5, 8) Fairly high (FH) (0.5, 0.65, 0.8)
Very Good (VG) (7, 8, 9) High (H) (0.7, 0.8, 0.9)

Excellent (E) (8.5, 9.5, 10) Very high (VH) (0.85, 0.95, 1.0)

   Step 2: Assignment of ratings to the criteria/ evaluation 
criteria
   The decision makers used the linguistic terms to 
directly assess the rating that characterizes the degree of 
effect/impact of different factors on the sustainability of 
transportation after defining the linguistic variables and 
related membership functions to evaluate the performance 
ratings and the importance weights of the selected criteria.
A committee of three decision makers is selected as 
D1(operator), D2 (government) and D3 (transport users) for 
the assessment of sustainable urban rail transit in  Istanbul 
metropolitan city. The committee of these three members 
was invited to fill in the performance and attribute weights 
online. They were asked to assess the main indicators and 
sub-indicators by using linguistic variables listed in Table 
1. The proposed framework contains 4 main indicators 
including environmental, economic, financial and social 
sustainability and 14 sub-indicators, 4 main indicators for 
the effectiveness of transport system with 13 sub-indicators 
and 1 main indicator for multimodal integration with 6 sub-

indicators. These evaluation criteria are shown in Table 2.
   The collection of criteria, which had been identified 
through scientific means, provides mobility managers 
and planners seeking to create more sustainable solutions 
with guidance on which criteria to employ based on 
available data. The primary set of criteria facilitates the 
following points and enables the sustainability assessment 
of different transportation projects both before and 
during implementation: selecting and ranking various 
transportation options or regulations, such as determining 
the relative impacts of different modes of transportation; 
and monitoring advancements over time and evaluating the 
sustainability of an ongoing transportation project [53].
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Table 2. Linguistic assessments on urban rail transit 

Main 
indicators Decision Sub- 

Indicators Decision Aggregate fuzzy 
ratings (Weight)

D1 D2 D3 Evaluators D1 D2 D3

TSI1 /Urban 
Rail Transit 
System and 

Network

VH H H

TSI11

Service coverage 
(Lines length/Area 

km/ km2) [24]
VH H H (0.7, 0.8, 0.9)

TSI12
Service Headway 

(min) [25] VH H H (0.7, 0.8, 0.9)

TSI13
Operating hours 

[26] VH H H (0.7, 0.8, 0.9)

TSI14
Travel time 

savings (min) [27] H H VH (0.7, 0.85, 1)

TSI2 /System 
capacity VH H FH

TSI21
Actual/estimated 

ridership ratio [28] VH VH M (0.3, 0.8, 1)

TSI22
Passenger capacity 

of a route [29] VH H H (0.7, 0.85, 1)

TSI23
Passenger capacity 
of a vehicle [29] VH FH FH (0.5, 0.75, 1)

TSI3 /Station 
element 
capacity

VH M M
TSI31

Platfom evacuation 
time [30] VH M M (0.3, 0.65, 1)

TSI32
The dwell time 

[31] VH M M (0.3, 0.65, 1)

TSI4 /Comfort 
and customer  

service
VH FH FH

TSI41
Passenger ride 
comfort [32] H H VH (0.7, 0.85, 1)

TSI42

Customer-centric 
support services 

[33]
VH FH VH (0.5, 0.85, 1)

TSI43
Mean vehicle age 

[34] VH FH FL (0.3, 0.7, 1)

TSI44

Advanced 
maintenance cycle 

[35]
VH H H (0.7, 0.85, 1)

TSI5 /
Multimodal 
integration

H H H

TSI51
Pedestrian friendly 
environments [36] H H VH (0.7, 0.85, 1)

TSI52

Feeder buses for 
rail transit stations 

[37]
H H H (0.7, 0.8, 0.9)

TSI53

Potential feeder 
areas, feeder 

network design 
[38]

H H H (0.7, 0.8, 0.9)

TSI54
Park and ride 
facilities [39] H H H (0.7, 0.8, 0.9)

TSI55

Integration of 
the urban public 
transportation 
system [40]

H H H (0.7, 0.8, 0.9)

TSI56

Smart and 
integrated ticketing 

system [41]
VH VH VH (0.85, 0.95, 1)

TSI6 /
Environmental
sustainability

H H FH
TSI61

CO2 emission 
savings (%) (t/day) 

[42]
H H FH (0.5, 0.75, 0.9)

TSI62
Energy efficiency 

[43] VH VH M (0.3, 0.8, 1)
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TSI7 /
Economic 

sustainability
H FH FH

TSI71
Peak hour factor 

[44] VH VH M (0.3, 0.8, 1)

TSI72

Total per 
capita transport 

expenditures [45]
M M VH (0.3, 0.65, 1)

TSI73

Per capita mobility 
(daily or annual 
person-miles or 

trips) [45]

VH M M (0.3, 0.65, 1)

TSI74

Flexible access 
to basic services 

such as education, 
work, shopping, 

health and leisure 
services [45]

M H VH (0.3, 0.75, 1)

TSI8/Financial 
sustainability VH H L

TSI81
Operating 

expenses  [46] VH H L (0.1, 0.65, 1)

TSI82

Revenue per 
vehicle kilometer 
of transit service 

[46]

VH VH L (0.1, 0.7, 1)

TSI83
Infrastructure 

project cost [47] VH H L (0.1, 0.65, 1)

TSI84

The operation 
process (BOT, 
PFI,PPP, ABS) 

[48]

VH H L (0.1, 0.65, 1)

TSI9/Social 
sustainability VH H L

TSI91

Modal shift from 
private cars to 

public transport 
[49]

H H M (0.3, 0.7, 0.9)

TSI92
Property value 

impact (%) [50] M M VH (0.3, 0.65, 1)

TSI93 Social impact [51] M M VH (0.3, 0.65, 1)

TSI94

Stations 
accessibility for 
disabled people 

[52]

M M VH (0.3, 0.65, 1)

   Step 3:  Compute aggregate fuzzy ratings for the criteria 
and the alternatives
   A committee consisting of three decision-makers (D1, 
D2, and D3) is established. Decision makers evaluate 
the urban rail system in Istanbul metropolitan area. The 
aggregated fuzzy weights  ( ~ wij) of these three decision 
makers for each criterion are calculated using Eq (1) [54]. 
For example, for the criterion PI11 "Transit Availability 
Index".

 
Eq (1)

The aggregated fuzzy weight is given by wj = (wj1; wj2; wj3) 
where:

(0.85, 0.95, 1.0), (0.7, 0.8, 0.9), (0.7, 0.8, 0.9)

Step 4: Determination of fuzzy urban rail transit 
sustainability index (FTSI)
   The FTSI represents the overall level of sustainability and 
is used for an integrated and sustainable benchmarking of 
the urban rail transportation system. After being computed 
at the sub-criterion level, the fuzzy index was extended to 
the main criterion level. The fuzzy index at sub-criterion 
level includes a number of performance characteristics. 
   The definition of the transport sustainability index is 
given by Eq (2), in the event that Ri and Wi represent the 
potentiality/ability and the weight of each criterion, 
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respectively:

Eq (2)

   Step 5: Calculating the Euclidean distance to harmonize 
the FTSI with the approximate level of "Urban Rail 
Transit Sustainability"
   In this step, the FTSI values are harmonized with the 
linguistic label. The most widely used distance method 
is the Euclidean approach [19]. In the Euclidean distance 
method, the set of natural-language expressions is defined 
as shown in Table 4.
   Using the Euclidean distance method (Eq (3)), the 
Euclidean distance D is calculated as follows:

D= (TSI, TSIi) ={Σxϵp, [fTSI(x)- fTS(x)2] }1/2     Eq (3)

   Step 6: The calculation of Fuzzy Performance 
Importance Index (FPII)
   Lin C.-T. et al. [12] applied the Fuzzy Performance 
Importance Index (FPII) for identification of barriers. The 
parameters of Transport sustainability are combined with 
their importance weights and performance ratings. The 
contribution of a factor increases with increasing FPII. 
Here is the formula for calculating the FPII. Wijk is the 
fuzzy importance weight in the aspect of capability of 
transport sustainability.

FPII = FPIIijk = Wijk × ACijk,   
where, Wijk= (1,1,1) – Wijk      

Eq (4)

   Then, by using the formulas in Eq. (2), the FPIIs of each 
performance indicator are obtained as listed in Table 5. 
For example, the FPII of the metro system and network 
PI11 is calculated as follows:

FPII11 = [(1, 1, 1) − (0.7, 0.8, 0.9)] × (3, 5, 7)
FPII11 = (0.1, 0.2, 0.3)× (3, 5, 7)= (0.3, 1, 2.1)

   Since fuzzy numbers do not always produce a 
completely ordered collection, as is the case with real 
numbers, each FPII needs to be ranked [19]. The ranking 
of the fuzzy number is based on centroid method for 
membership function (a, b, c) is given in Eq (5), where a, 
b, c are the lower, middle and upper numbers of triangular 
fuzzy number [19].

Ranking Score = (a + 4b + c) /6       Eq (5)

3. Results

   The determination of fuzzy urban rail  transit 

sustainability index (FTSI) is explained and the definition 
of the transport sustainability index is given in step 4. A 
numerical example was given in the following section for 
the Transit Availability (TS11) criterion.
   For instance, the following formula can be used to 
calculate the fuzzy index for the Transit Availability (TS11) 
criterion:

TSI11 = [(0.7, 0.8, 0.9) × (3, 5, 7) + (0.7, 0.8, 0.9) × (5, 6.5, 
8) + (0.7, 0.8, 0.9) × (5, 6.5, 8)+ (0.7,0.85,1) × (5,6.5,8)] 
/[(0.7, 0.8, 0.9) + (0.7, 0.8, 0.9) + (0.7, 0.8, 0.9) + (0.7, 
0.85, 1)]
TSI11 =12.6, 20.525, 28.7 /2.8, 3.25, 3.7= (4.5, 6.32, 7.76)

   The fuzzy indexes for each of the sub-criteria were 
calculated using the same equation and displayed in Table 
3. The fuzzy urban rail transit sustainability index (FTSI) 
was calculated as follows.

FTSI = [ (0.7, 0.8, 0.9) × (4.5,  6.32, 7.76) +  (0.5, 0.8, 1) 
× (4.07, 5.97, 7.67) + (0.3, 0.65, 1) x (5,8,8) +  (0.5, 0.75, 
1) × (3,5,7) +  (0.7, 0.8, 0.9) × (4.35, 5.96, 7.35)+ (0.5, 
0.75, 0.9) × (3,5,7)+  (0.5, 0.7, 0.9) × (5.25, 7.25, 9.5)+  
(0.1, 0.65, 1) × (3,5,7)+ (0.3, 0.65, 1) × (4.5, 6.1, 7.77) ] 
/ [(0.7, 0.8, 0.9) +(0.5, 0.8, 1)+ (0.3, 0.65, 1)+ (0.5, 0.75, 
1)+ (0.7, 0.8, 0.9)+ (0.5, 0.75, 0.9)+ (0.5, 0.7, 0.9)+ (0.1, 
0.65, 1)+ (0.3, 0.65, 1)]
FTSI =  (4.15, 6.04, 7.66)

   According to the fuzzy index of each sub-criteria 
for the criterion "Urban Rail Transit Sustainability" in 
Table 3, PI1, PI2, PI3, PI4, PI5, PI6, PI7, PI8, PI9 are the 
main performance indicators. The lowest sustainability 
values for the main criteria are gathered for comfort 
and customer service (PI4), environmental sustainability 
(PI6) and financial sustainability (PI8). According to 
Jasti and Ram [18], the PI weights based on priorities 
are determined by the Analytic Hierarchy Process. 
The service-oriented PIs Metro System, Network and 
System Capacity were prioritized by the experts (16,83). 
Furthermore, the same tendency was also indicated 
social sustainability (12,96). Close to these PI groups, 
priority was given to multi-modal integration (12,09). 
Among the other sustainable performance indicators, 
economic sustainability was prioritized (11,57), followed 
by environmental sustainability (10,58). The priority of 
financial sustainability was ranked lower with a value of 
7,66. The least important PI was determined to be comfort 
at 6,80. When we compared the results of the two studies, 
although the weights were determined using different 
methods (fuzzy logic and AHP), comfort and customer 
service, environmental and financial sustainability have 
the lowest score.
   The transport performance level and the Euclidean 
distance values are calculated according to Eq (3), which 
was explained in Step 5. 
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Table 3. The fuzzy index for each sub-criteria of "Urban Rail Transit Sustainability"

Performance 
Indicators Wij

Weight of Transport 
Sustainability 

attributes (Wijk)
Rijk TSI

PI1 /Urban rail 
transit system and 

network

PI11

(0.7, 0.8, 0.9)

(0.7, 0.8, 0.9) (3,5,7)

(4.5,6.32,7.76)
PI12 (0.7, 0.8, 0.9) (5, 6.5, 8)
PI13 (0.7, 0.8, 0.9) (5, 6.5, 8)
PI14 (0.7, 0.85, 1) (5, 6.5, 8)

PI2 /System 
capacity

PI21

(0.5, 0.8, 1)
(0.3, 0.8, 1) (5, 6.5, 8)

(4.07,5.97,7.67)PI22 (0.7, 0.85, 1) (3,5,7)
PI23 (0.5, 0.75, 1) (5, 6.5, 8)

PI3 /Station element 
capacity

PI31 (0.3, 0.65, 1)
(0.3, 0.65, 1) (5, 6.5, 8)

(5,8,8)
PI32 (0.3, 0.65, 1) (5, 6.5, 8)

PI4 /Comfort and 
customer
service

PI41

(0.5, 0.75, 1)

(0.7, 0.85, 1) (3,5,7)

(3,5,7)
PI42 (0.5, 0.85, 1) (3,5,7)
PI43 (0.3, 0.7, 1) (3,5,7)
PI44 (0.7, 0.85, 1) (3,5,7)

PI5 /Multimodal 
integration

PI51

(0.7, 0.8, 0.9)

(0.7, 0.85, 1) (5, 6.5, 8)

(4.35,5.96, 7.35)

PI52 (0.7, 0.8, 0.9) (5, 6.5, 8)
PI53 (0.7, 0.8, 0.9) (5, 6.5, 8)
PI54 (0.7, 0.8, 0.9) (2,3.5,5)
PI55 (0.7, 0.8, 0.9) (3,5,7)
PI56 (0.85, 0.95, 1) (5, 6.5, 8)

PI6 /Environmental
sustainability

PI61 (0.5, 0.75, 0.9)
(0.5, 0.75, 0.9) (3,5,7)

(3,5,7)
PI62 (0.3, 0.8, 1) (3,5,7)

PI7 /Economic 
sustainability

PI71

(0.5, 0.7, 0.9)

(0.3, 0.8, 1) (5, 6.5, 8)

(5.25,7.25,9.5)
PI72 (0.3, 0.65, 1) (5, 6.5, 8)
PI73 (0.3, 0.65, 1) (3,5,7)
PI74 (0.3, 0.75, 1) (3,5,7)

PI8/Financial 
sustainability

PI81

(0.1, 0.65, 1)

(0.1, 0.65, 1) (3,5,7)

(3,5,7)
PI82 (0.1, 0.7, 1) (3,5,7)
PI83 (0.1, 0.65, 1) (3,5,7)
PI84 (0.1, 0.65, 1) (3,5,7)

PI9/Social 
sustainability

PI91

(0.3, 0.65, 1)

(0.3, 0.7, 0.9) (3,5,7)

(4.5, 6.1, 7.77)
PI92 (0.3, 0.65, 1) (5, 6.5, 8)
PI93 (0.3, 0.65, 1) (5, 6.5, 8)
PI94 (0.3, 0.65, 1) (5, 6.5, 8)

Table 4. Transport performance level and the Euclidean distance values

Linguistic labeling Intervals Formula D
Excellent 

Performance Level
[EPL (7, 8.5, 10)] (TSI, EPLi) {(4.15-7)2 + (6.04-8.5) 2 +(7.66-10) 2}1/2 4,43

Good 
Performance Level

[GPL (5.5, 7, 8.5)] (TSI, GPLi) {(4.15-5.5)2 + (6.04-7) 2 +(7.66-8.5) 2}1/2 1,86

Middle 
Performance Level

[MPL (3.5, 5, 6.5)] (TSI, MPLi) {(4.15-3.5)2 + (6.04-5) 2 +(7.66-6.5) 2}1/2 1,69

Low Performance Level [LPL (1.5, 3, 4.5)] (TSI, LPLi) {(4.15-1.5)2 + (6.04-3) 2 +(7.66-4.5) 2}1/2 5,12
Very Low Performance [VLPL (0, 1.5, 3)] (TSI,VLPLi) {(4.15-0)2 + (6.04-1.5) 2 +(7.66-3) 2}1/2 7,72



 82 | Volume 2 Issue 1, 2024 Decision Making and Analysis

   Therefore, the transportation performance level can 
be determined as the "Middle performance level" by 
comparing a linguistic label with the minimum D value, 
which is found as 1,69 (Figure 3). Dotted line shows the 
FTSI  (4.15, 6.04, 7.66) values in the diagram. As a result 
of this calculation step, these values correspond to the 
‘Middle Performance Level’.
   Fuzzy Performance Importance Index are calculated for 
‘Urban Rail Transit Sustainability’  using Eq (4), which 
was explained in step 6.
   Table 5 displays the ranking scores for the fuzzy 
performance importance indexes, which was determined 

using the aforementioned principle. A boundary value of 
1.05 was established to identify the indicators that impedes 
progress or achievement and to differentiate them from 
the others based on the ranking scores. Four indicators are 
under the threshold value that have to be improved and 
contribute significantly to reaching performance levels. 
These indicators are named as (1) PI22 Passenger capacity 
of a route, (2) PI41 Environment of passenger and ride 
quality, (3) PI44 Advanced maintenance cycle and (4) PI54 
Parking/dropping facility.

Figure 3. Linguistic levels to match fuzzy index

Table 5. Fuzzy performance importance indexes of ‘Urban Rail Transit Sustainability’ attributes.

Performance 
indicators

Aggregated fuzzy
performance ratings Wijk = [(1, 1, 1)-Wijk] FPII Ranking 

score
PI11 (3,5,7) (0.1, 0.2, 0.3) (0.3, 1, 2.1) 1,07
PI12 (5, 6.5, 8) (0.1, 0.2, 0.3) (0.5, 1, 2.4) 1,15
PI13 (5, 6.5, 8) (0.1, 0.2, 0.3) (0.5, 1, 2.4) 1,15
PI14 (5, 6.5, 8) (0, 0,15, 0,3) (0,0.975, 2.4) 1,05
PI21 (5, 6.5, 8) (0, 0,2, 0,7) (0,1.3, 5.6) 1,80
PI22 (3,5,7) (0, 0,15, 0,3) (0,0.75, 2.1) 0,85*
PI23 (5, 6.5, 8) (0, 0.25, 0.5) (0,1.625, 4) 1,75
PI31 (5, 6.5, 8) (0, 0,35, 0,7) (0,2.275, 5.6) 2,45
PI32 (5, 6.5, 8) (0, 0,35, 0,7) (0,2.275, 5.6) 2,45
PI41 (3,5,7) (0, 0,15, 0,3) (0,0.75, 2.1) 0,85*
PI42 (3,5,7) (0, 0,15, 0,5) (0, 0.75, 3.5) 1,08
PI43 (3,5,7) (0, 0,3, 0,7) (0, 1.5, 4.9) 1,82
PI44 (3,5,7) (0, 0,15, 0,3) (0, 0.75, 2.1) 0,85*
PI51 (5, 6.5, 8) (0, 0,15, 0,3) (0, 0.975, 2.4) 1,05
PI52 (5, 6.5, 8) (0.1, 0.2, 0.3) (0.5, 1, 2.4) 1,15
PI53 (5, 6.5, 8) (0.1, 0.2, 0.3) (0.5, 1, 2.4) 1,15
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PI54 (2,3.5,5) (0.1, 0.2, 0.3) (0, 0.7, 1.5) 0,72*
PI55 (3,5,7) (0.1, 0.2, 0.3) (0.3, 1, 2.1) 1,07
PI56 (5, 6.5, 8) (0.1, 0.2, 0.3) (0.5, 1.3, 2.4) 1.35
PI61 (3,5,7) (0.1, 0.25, 0.5) (0.3, 0.75, 3.5) 1,13
PI62 (3,5,7) (0, 0.2, 0.7) (0, 1, 4.9) 1,48
PI71 (5, 6.5, 8) (0, 0,2, 0,7) (0, 1.3, 5.6) 1,80
PI72 (5, 6.5, 8) (0, 0,35, 0,7) (0,2.275, 5.6) 2,45
PI73 (3,5,7) (0, 0.35, 0.7) (0, 1.75, 4.9) 1,98
PI74 (3,5,7) (0, 0.25, 0.7) (0, 1.25, 4.9) 1,65
PI81 (3,5,7) (0, 0.35, 0.9) (0, 1.75, 6.3) 2,22
PI82 (3,5,7) (0, 0.3, 0.9) (0, 1.5, 6.3) 2,05
PI83 (3,5,7) (0, 0.35, 0.9) (0, 1.75, 6.3) 2,22
PI84 (3,5,7) (0, 0.35, 0.9) (0, 1.75, 6.3) 2,22
PI91 (3,5,7) (0.1, 0.3, 0.7) (0.3, 1.5, 4.9) 1,87
PI92 (5, 6.5, 8) (0, 0,35, 0,7) (0, 2.275, 5.6) 2,45
PI93 (5, 6.5, 8) (0, 0,35, 0,7) (0, 2.275, 5.6) 2,45
PI94 (5, 6.5, 8) (0, 0,35, 0,7) (0, 2.275, 5.6) 2,45

4. Discussion and conclusions

   Initiatives for sustainable transportation have a positive 
impact on communities all over the world. They promote 
trade and international collaboration between nations, as 
well as sustainable economic growth and social welfare. 
‘Transforming Transport Systems for a Sustainable Future’ 
is essential to guide megacities in developing condition that 
are conducive to sustainability. In a complicated transport 
system, however, it is very difficult to create a list of 
sufficient indicators. An equitable, livable and sustainable 
development necessitates indicators that are well-founded, 
few in number, comprehensive in scope, accessible at an 
affordable cost and that incorporate the characteristics 
linked to the interplay of institutional, social, economic and 
environmental aspects. The Ministry of Environment and 
Urban Planning in Turkey, and metropolitan municipalities, 
has jointly launched the ‘Sustainable Cities Program’ 
aiming to improve economic, financial, environmental and 
social sustainability of cities.
   The sustainability performance of urban rail transportation 
was assessed using a fuzzy-based methodology, as 
explained in this article. In order to demonstrate transport 
sustainability, this research aims to define the sustainability 
of public transportation, clarify the mechanisms behind the 
sustainable development of urban public transportation, and 
offer an index system and assessment model. This research 
integrates the assessment criteria, index dimensions, 
assessment methods and study objectives from previous 
research on the assessment of sustainability in public 
transportation. Due to the vague and ambiguous indicators 
that exist within transport sustainability assessment, 
fuzzy logic provides a useful tool that eliminates the 
drawbacks such as vagueness, uncertainties, ambiguity, 

and impreciseness.
   By comparing with previous studies, it is understood 
that the concept of sustainable performance evaluation 
has not yet been fully realized in the context of urban 
rail transit systems. Therefore, there is still a long way 
to go to incorporate such methods into an adaptable, 
applicable performance evaluation framework that 
includes environmental, economic, financial and social 
sustainability indicators. The aspects of achieving integrated 
and sustainable transport performance are given only a 
limited amount of attention, even in the transport appraisal 
guidelines, which represents an opportunity especially for 
the development of urban rail transit systems.
   The aims and vision of a community can be divided 
into specific sustainability themes or dimensions, and 
applicable performance metrics and indicators can be 
found depending on the goal and corresponding objectives. 
A committee of three decision makers is selected as 
D1(operator), D2 (government) and D3 (transport users) for 
collaborative performance measurement. Decision makers 
evaluate the urban rail system in Istanbul Metropoliten 
area. The study’s inputs are allocated to take into account 
a group of stakeholders with different level of expertise 
and skills as well as their own benefits, preferences and 
goals in developing a sustainable urban rail transit system 
for a metropolitan city. From the perspective of influence 
and significance, this study proposes a fuzzy logic-based 
method for sustainable performance assessment that will 
help for developing a  guide for "Developing a Transit 
Performance Measurement System".
   Indicators make it easier to set goals, evaluate a 
particular organization or jurisdiction, foresee obstacles, 
identify trends and developments, set benchmarks, and 
evaluate alternatives. Quantitative revelation is essential 
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for conducting benchmarking exercises and comparisons. 
In addition, qualitative monitoring is required to describe 
the benefits of different transport options and alternatives 
for operators, government and the public. Indicators that 
balance quantitative and qualitative aspects are necessary 
to achieve both goals. For study limitations, the number 
of evaluators should be increased to offer more reasonable 
solutions to decision makers. 
   The research begins with the collection of input ratings 
and weights from experts and decision makers. A fuzzy 
logic technique was adopted in the study because standard 
monitoring of transportation sustainability performance 
is beset with vagueness and uncertainty. Triangular 
fuzzy numbers are utilized in performance evaluations. 
The inputs are fuzzified, and the FTSI is (4.15, 6.04, 
7.66). Based on the calculation of Euclidean distance, 
the transportation performance can be determined as the 
"Middle performance level" by comparing a linguistic 
label with the minimum D, which was found to be 1,69. 
The calculated result was validated using the standard crisp 
technique. In addition to calculating the transportation 
sustainability index, weaker areas were also identified for 
improvement. The FPII of the transportation sustainability 
parameters was calculated. The results show that system 
capacity (passenger capacity of a route), comfort and 
customer service (passenger environment and ride quality, 
maintenance cycle) and multimodal integration (park and 
ride facilities) were found to be weaker attributes. 
   A numerical illustration is provided to demonstrate 
the applicability of the approach. The strength of our 
approach lies in its ability to evaluate the sustainability 
of transportation systems using incomplete or partial data 
and can be applied to any type of enterprise/region. Cities 
can actually use the suggested method when assessing and 
choosing environmentally friendly transportation options, 
which should be carefully selected because the decision-
making process depends on the number of participants and 
their level of subject-matter competence. 
   Urban rail transit projects are importantly privileged of 
public transit system for metropolitan revelation, urban and 
regional growth, and strategic transformation by driving 
forward step improvements in production and connectivity 
that promote societal and economic advancement from 
the perspectives of local sustainability, urban spatial 
fairness, public benefits, and other factors. The proposed 
methodology facilitates a systematic understanding of the 
prominent policies for achieving extremely high sustainable 
transport performance.
   The transportation performance measures were taken 
based on the urban rail transit system and network, 
system capacity, station element capacity, comfort and 
customer service, multimodal integration, environmental, 
economic, financial and social sustainability indicators. 
These crucial components served as the critical principles 
for structuring the assessment approach. Four indicators 
are under the threshold value that have to be improved 
and contribute significantly to reaching performance 

levels. These indicators are: (1) System capacity PI22 
Passenger capacity of a route, (2) Comfort and customer 
service PI41 environment of passenger and ride quality, 
(3) PI44 Advanced maintenance cycle and (4) Multimodal 
integration PI54 parking/dropping facility. 
   This modelling methodology offers a practical approach 
to visualize the level of transport sustainability for an 
integrated, advanced development of  public transport 
by providing a roadmap for decision makers. It is vital 
to distinguish the relevant indicators that can be  used to 
effectively and progressively develop the  sustainability 
dimensions of transportation system. We are aimed to 
analyze the methods for evaluating sustainable performance, 
to identify the appropriate research methodology that best 
achieve the research aims and to propose a methodology 
that facilitates systematic understanding of the prominent 
policies for achieving high levels of sustainable transport 
performance. 
   For future developments, this framework may also be 
utilized for the selection of alternative urban rail transit 
project to have a comparative analysis of the future 
performance of these projects in terms of environmental, 
economic, financial and social sustainability. In addition, 
the framework of this study can be adapted for public-
private partnership stakeholders by selecting different 
decision-making groups (consultants/advisors, contractors, 
project companies). Therefore, it is necessary to develop 
and apply more innovative solutions and sophisticated 
approaches to monitor, analyze and plan urban rail transit 
systems by aggregating and synthesizing the data of 
main/sub-indicator to improve the transport sustainability 
through data-driven reasoning and by selecting different 
decision-making groups. 
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