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In accordance with the European regulatory framework and the principles of sustainable mobility, sustainability has
become one of the key factors in the evaluation and selection of passenger railway operators by managers, regulatory
bodies, and decision-makers within the transport system. In addition to service quality and operational efficiency,
railway operators must continuously improve the environmental, social, and technological aspects of their operations
in order to contribute to the development of a more sustainable transport system. Effective evaluation of passenger
railway operators represents an important basis for improving service quality, increasing user satisfaction, and
strengthening the competitiveness of railway transport in the transport market.

Existing studies are mainly focused on a limited number of indicators or specific aspects of railway system
performance, while integrated approaches for the evaluation of passenger railway operators remain insufficiently
explored. Therefore, this paper proposes an integrated multi-criteria decision-making model that combines the Fuzzy
Analytic Hierarchy Process (FAHP) and Data Envelopment Analysis (DEA) methods and includes the key dimensions
of passenger railway transport quality that are most commonly used in the evaluation of transport systems. The
research is focused on the analysis of four passenger railway operators. The results show that the integration of the
FAHP and DEA approaches enables a comprehensive evaluation and ranking of operators and can support
managers and decision-makers in improving the service quality and operational performance of railway transport.
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HIGHLIGHTS

— Anintegrated FAHP-DEA model is proposed for passenger railway operator efficiency evaluation.

— The model combines qualitative and quantitative criteria in passenger rail assessment.

— Twenty-one criteria are grouped into five dimensions of railway service performance.
— Results support operator ranking and decision-making in sustainable railway transport.

NOMENCLATURE

AHP - Analytic Hierarchy Process | - Aggregated input value used in the DEA model
FAHP - Fuzzy Analytic Hierarchy Process U - Aggregated output value used in the DEA model
DEA - Data Envelopment Analysis AP/B - Absolutely preferable/better

MCDM - Multi-Criteria Decision-Making VP/B - Very preferable/better

QMS - Quality Management System SP/B - Strongly preferable/better

DMU - Decision-Making Unit PP/B - Pretty preferable/better

CCR - Charnes, Cooper, and Rhodes DEA model QP/B - Quite preferable/better

PRM - Persons with Reduced Mobility MP/B - Moderately preferable/better

CO, - Carbon dioxide RP/B - Remotely preferable/better

A1, A2, A3, A4 - Passenger railway operators BP/B - Barely preferable/better

considered as alternatives in the model

C1 - C21 - Evaluation criteria used for assessing El/G - Equally important/good
railway operator performance

K1 - K5 - Main criterion groups in the FAHP model passenger-km - Passenger-kilometre

Wj - Weighting coefficient of criterion j obtained using CO.,/passenger-km - Carbon dioxide emissions per
the FAHP method passenger-kilometre
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1 Introduction

Passenger railway transport represents one of the key elements of a sustainable transport system due to its energy
efficiency, lower level of harmful gas emissions, and high transport capacity [1]. In recent years, the development of
the railway sector has been increasingly directed toward improving service quality, increasing safety, advancing
digitalization, and strengthening the competitiveness of railway operators in relation to other modes of transport [2].
In line with the European regulatory framework and the principles of sustainable mobility, passenger railway operators
are expected to continuously improve their performance through both service quality and operational efficiency.

Improving the quality of passenger railway transport is particularly important because the competitiveness of the
railway system depends not only on infrastructure and operational indicators, but also on the experience of
passengers. Punctuality, reliability, comfort, safety, accessibility, and the quality of passenger information directly
influence user satisfaction and the attractiveness of rail transport [3]. Therefore, a comprehensive evaluation and
ranking of passenger railway operators can support managers, regulatory bodies, and decision-makers in identifying
performance differences, setting improvement priorities, and strengthening the position of railway transport in the
wider transport market [4].

Managers, regulatory bodies, and decision-makers in the railway transport system are faced with the complex
problem of evaluating and ranking railway operators, as operator performance depends on several interconnected
criteria, such as punctuality, reliability, safety, comfort, service accessibility, digitalization, and the environmental
impact of transport. An objective evaluation of these criteria enables the identification of operators’ strengths and
weaknesses and supports decision-making aimed at improving the quality and competitiveness of the railway system.
Indirectly, such an approach can make it easier for users to select a railway operator by allowing operators to be
compared on the basis of clear and measurable performance indicators.

Contemporary approaches to the evaluation of railway operators are not based exclusively on operational indicators,
such as punctuality, reliability, and capacity utilization, but also include qualitative aspects that influence user
perception and overall service quality. Criteria such as travel comfort, service accessibility, safety, digitalization, and
the quality of passenger information have a significant influence on user satisfaction and the competitiveness of the
railway system in the transport market [3, 5, 6]. Therefore, the evaluation and ranking of railway operators represents
a complex problem that requires the consideration of many interconnected criteria of different types.

The literature presents numerous approaches for selecting the best alternative solution to the observed problem.
These include simulation models, linear programming models, heuristics, as well as multi-criteria and multi-objective
decision-making methods. Since this paper focuses on assessing the efficiency of railway operators, it is appropriate
to use the DEA method, which enables the assessment of the relative efficiency of decision-making units based on
multiple input and output variables [7]. A review of the literature shows that, in contemporary research, the DEA
method is increasingly combined with other multi-criteria decision-making methods to obtain more objective and
rational results [8,9]. Since the evaluation of railway operators involves a large number of qualitative criteria, this
paper applies the FAHP method, which enables the effective inclusion of linguistic and subjective expert assessments
in the decision-making process [10,11].

AHP, FAHP, and integrated multi-criteria approaches have been widely used in transport research, particularly for
the selection of alternatives, the assessment of service quality, and the evaluation of system performance. However,
much of the existing railway-related literature still focuses on separate aspects of performance, such as punctuality,
infrastructure efficiency, station performance, service quality, or passenger satisfaction. As a result, there is still a
need for evaluation models that consider passenger railway operators as complex service systems rather than only
through isolated indicators.

The research gap addressed in this paper concerns the limited integration of qualitative and quantitative criteria within
a single framework for passenger railway operator evaluation. In particular, sustainability, accessibility, digitalization,
and passenger-oriented indicators are not always considered together with operational performance and service
quality. To address this gap, this paper proposes an integrated FAHP-DEA model. FAHP is used to determine the
relative importance of criteria under conditions of uncertainty, while DEA is used to assess the relative efficiency and
ranking of the observed operators.

In order to address the identified gap, this paper proposes an integrated FAHP-DEA model for the evaluation of
passenger railway operators. The proposed model enables the simultaneous inclusion of quantitative and qualitative
criteria, as well as linguistic expert assessments, in the decision-making process. The model uses 21 criteria grouped
into five categories: service quality, safety and sustainability, operational performance, accessibility and
inclusiveness, and digitalization and passenger information. The formation of these groups of criteria enabled a
systematic consideration of the key aspects of railway operator performance and the integration of operational,
qualitative, and sustainability-related dimensions into a unified evaluation framework. In the first phase of the
methodology, the FAHP method is applied to determine the relative weights of the criteria, while in the second phase,
the DEA method is used to assess the efficiency and rank the observed operators.

Based on the assumption that quality management in passenger railway transport can contribute to increasing user
satisfaction, strengthening the competitiveness of railways, and developing sustainable travel patterns, the following
research questions are defined in this paper:
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— RQ1: How can an integrated FAHP-DEA model be applied to the evaluation and ranking of passenger railway
operators?

— RQ2: In what way does the integration of qualitative and quantitative indicators enable a more
comprehensive assessment of passenger railway operator performance?

— RQ3: How can a QMS-oriented approach based on measurable criteria support decision-making aimed at
improving the quality of passenger railway transport?

The main objectives of the paper are reflected in:
— the development of an integrated FAHP and DEA model for the evaluation of passenger railway operators;
— the integration of qualitative and quantitative indicators into a unified decision-making framework; and

— the establishment of a QMS-oriented approach to support decision-making and improve the quality of
passenger railway transport.

The contribution of this paper is reflected in the development of a structured FAHP-DEA framework for evaluating
passenger railway operators. Unlike approaches that focus mainly on a smaller number of operational indicators, the
proposed model includes 21 criteria grouped into five dimensions of railway service performance. In this way, the
model connects service quality, safety and sustainability, operational performance, accessibility and inclusiveness,
and digitalization and passenger information within one evaluation process. The paper also contributes by linking the
evaluation framework with a QMS-oriented perspective, which supports more systematic performance monitoring
and decision-making in passenger railway transport.

The proposed model can represent a useful decision-support tool for managers, regulatory bodies, and decision-
makers in the process of evaluating railway operator performance, identifying improvement priorities, and increasing
the competitiveness and sustainability of the railway transport system. The integration of qualitative and quantitative
criteria enables a more detailed assessment of operator performance and supports the selection, ranking, and
improvement of railway operators in accordance with the principles of sustainable mobility and service quality
improvement.

The paper is organized as follows. After the introduction, the second section provides a review of the relevant
literature on FAHP, DEA, and integrated FAHP and DEA approaches in railway transport. The third section presents
the proposed research methodology and the steps involved in applying the FAHP and DEA model. The fourth section
defines the alternatives and evaluation criteria, followed by the results of the model application and the ranking of
railway operators. Finally, the paper presents a discussion of the results, research limitations, and directions for future
research.

1.1 Literature review

The literature review aims to analyze previous research in the field of multi-criteria decision-making and efficiency
assessment in the railway and transport sectors, with a particular focus on the application of the FAHP and DEA
methods. The literature review focuses on the analysis of dominant methodological approaches, the most commonly
used evaluation criteria, and the limitations of existing studies, which provide the basis for defining the research
framework of this paper.

Owing to its ability to incorporate both quantitative and qualitative criteria, the FAHP method is widely used in
transport and logistics research for performance evaluation, alternative selection, and the prioritization of decision-
making criteria [12]. In the field of railway transport, the FAHP and AHP methods have been used to determine the
importance of service quality criteria, evaluate railway stations, and assess user satisfaction with railway transport
[13-15].

Hajipoor et al. [16] applied an integrated AHP and DEA approach to the evaluation and selection of software
architecture, where AHP was used to determine the weights of quality criteria, and DEA was applied to assess the
efficiency of alternatives. PrevolSek et al. [17] used a DEA-AHP model to assess the efficiency of tourist farms based
on six input and four output variables. Tavana et al. [9] analysed different integrated AHP and DEA models for solving
multi-criteria decision-making problems, where AHP and other MADM methods were used to determine criterion
weights, while DEA was applied to assess the efficiency of alternatives. Similarly, Ammirato et al. [18] used an
integrated AHP and DEA approach to evaluate the efficiency of production processes, while Yilmaz et al. [19] applied
a spherical fuzzy AHP and DEA model to assess the operational efficiency of airports.

In addition to the above-mentioned studies, integrated AHP and DEA, as well as FAHP and DEA models, have also
been applied in the field of railway transport. Mohaijeri et al. [20] used a combined AHP and DEA approach to select
the best alternatives in railway systems, while Cabri¢ et al. [21] and Petrovi¢ et al. [22] applied multi-criteria
approaches to evaluate organizational models and the performance of railway systems. However, most existing
studies focus on a limited number of criteria or on individual aspects of performance, such as operational efficiency
or technical system indicators.

Contemporary research increasingly applies integrated FAHP, AHP, and DEA approaches to solve complex selection
problems. The integration of these methods enables the combination of subjective expert assessments and objective
efficiency assessment of alternatives, thereby providing a multidimensional evaluation of the system. The advantage
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of this approach lies in the possibility of incorporating the relative importance of criteria into DEA analysis, while its
main limitation is the greater complexity of the model and the dependence of the results on expert assessments.

Based on the analysed literature, it can be concluded that existing studies mainly consider partial aspects of the
performance of transport and railway systems, with operational and quantitative performance indicators being
dominant. Qualitative criteria related to user perception, service quality, accessibility, digitalization, and sustainability
are less frequently integrated into existing evaluation models. Most studies are based on the integration of classical
AHP and DEA methods, while the application of fuzzy approaches is significantly less represented. However, in the
evaluation of passenger railway operators, a large number of criteria are qualitative in nature and are based on
subjective and linguistic assessments provided by experts and users. For this reason, this paper applies the FAHP
method, which enables the modelling of uncertainty and imprecision when determining the relative importance of the
criteria.

2 Materials and methods

This paper applies a hybrid methodology for determining the efficiency of railway operators. The hybrid model
represents a combination of the FAHP method [10] and the DEA method [7]. In the first part of the methodology,
FAHP is applied to determine the relative weights of the criteria. After that, DEA is used to rank the alternatives
according to their efficiency. Microsoft Excel Solver was used to determine the weighting coefficients using the FAHP
method, while the efficiency of the alternatives was evaluated using the DEA method in MaxDEA software. Methods
developed in a fuzzy environment are suitable for describing insufficiently precise data, interval assessments, and
similar types of uncertainty.

— The model uses 21 criteria grouped into five categories: service quality, safety and sustainability, operational
performance, accessibility and inclusiveness, and digitalization and passenger information. These groups of
criteria are the result of an analysis of the relevant literature, the European regulatory framework, expert
interviews, and a passenger survey. The criteria provide the basis for forming the hierarchical structure of
the FAHP model and subsequently for defining the aggregated input and output variables in the DEA
analysis.

— In contemporary research in the fields of transport and multi-criteria decision-making, FAHP and DEA
methods are widely applied. FAHP represents a fuzzy extension of the AHP method and is used under
conditions of uncertainty and subjective expert assessment. The method is used to determine the relative
importance of criteria through pairwise comparisons, while the fuzzy approach enables the modelling of
imprecision and uncertainty in the decision-making process [10,11]. DEA is a non-parametric method based
on linear programming that is used to assess the relative efficiency of homogeneous decision-making units
based on multiple input and output variables [7]. Its application in the railway sector is particularly evident in
analyses of the efficiency of railway operators, infrastructure, and railway stations [23-25].

— Although the combination of FAHP and DEA methods enables the integration of subjective expert
assessments and objective efficiency assessments, their application to evaluating passenger railway
operators with an extended set of criteria and a QMS-oriented approach remains insufficiently explored. For
this reason, this paper proposes an integrated FAHP and DEA model to provide a more comprehensive
assessment of performance by combining qualitative and quantitative criteria within a unified decision-
making framework.

— Although the proposed model provides a basis for the systematic evaluation of railway operators, the
research also has certain limitations that should be considered when interpreting the results. The limitations
of the paper concern the number of alternatives analysed, the dependence of the results on the expert
assessments used in the FAHP method, and the availability of homogeneous data on railway operators'
performance. In addition, some of the criteria rely on qualitative and subjective assessments of service
quality, which may introduce additional uncertainty in the evaluation process. The methodology is described
step by step below.

2.1 Step 1- Defining the problem structure

At the beginning, in accordance with the AHP method, the problem must also be hierarchically structured when
applying FAHP. The structure includes the definition of the goal, criteria, subcriteria, and alternatives.

2.2 Step 2 - Pairwise comparison

The Saaty scale (1-9) is used for pairwise comparisons in the AHP method. In accordance with FAHP, fuzzy sets
must be defined using the same scale. Pairwise comparisons should be performed for all subcriteria and criteria with
respect to the higher level of the hierarchy. Table 1 presents the linguistic assessments and the corresponding
triangular fuzzy numbers used in the evaluation process. The same fuzzy scale is applied both for pairwise
comparison of criteria and subcriteria and for evaluation of alternatives. In this notation, “P” refers to “preferable”
when criteria and subcriteria are compared, while “B” refers to “better” when alternatives are evaluated. Therefore,
the same abbreviations are used consistently throughout the manuscript.
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Table 1. Linguistic evaluations for the comparison of criteria/alternatives

Linguistic evaluations Fuzzy set

Absolutely preferable/better (AP/B) (8,9,10)
Very preferable/better (VP/B) (7,8,9)
Strongly preferable/better (SP/B) (6,7,8)
Pretty preferable/better (PP/B) (5,6,7)
Quite preferable/better (QP/B) (4,5,6)
Moderately preferable/better (MP/B) (3,4,5)
Remotely preferable/better (RP/B) (2,3,4)
Barely preferable/better (BP/B) (1,2,3)
Equally important/good (El/G) (1,1,2)

2.3 Step 3 — Defining the fuzzy matrix €

In this step, the fuzzy matrix used for pairwise comparisons in the FAHP method is defined. A separate matrix is
constructed for each set of criteria or subcriteria that are compared with one another.
dpp v i
€= : :

(1)

anl c~1'nn
2.4 Step 4 — Determining the relative weights of the criteria

For each pairwise comparison, it is necessary to calculate the priority vector (W), where W = (wy,...,w,) >
0,X7-1w; = 1. In the FAHP method, the priority vector (W) can be calculated using various techniques and methods.
For this study, the Logarithmic Fuzzy Preference Programming (LFPP) method was selected [26]. Each triangular
fuzzy number is defined as follows: @;; = (lij'mij'uij)- The LFPP method is based on calculating the logarithmic
form of a fuzzy number as follows:

In ﬁu = (ln lij,lnmi]-,lnui]-);i,j = 1, ., n (2)

Min]=1-D?+Mx 3 Y0487 +nF) (3)
X —x]- —Aln(mu/lu) + 61.] > In lL],l = 1, e, = 1,] =i+ 1, e, n
—X; +x] —lln(uu/m”) +T]U > —lnuij,i = 1, v, = 1,] =i+ 1, e, n (4)

ALx;=20i=1,..,n
61']"771']' = O,l = 1,...,n—1;j=i+1,...,n

.t.

Where is:
x; (i =1, ...,n) — optimal solution
M = 103 — very large constant

In order to avoid that the membership degree 1 takes a negative value, non-negative variables are introduced &;;
andn;jfori=1,..,n—1;j=1i+1,..,nso they satisfy the following inequalities:

Inw; — Inw; —lln(%) +6;=Inl,i=1..,n=-Lj=i+1..,n (5)
ij
—anl' + an] —lln(mu/l”) + T]” > —lnuij,i = 1, ey, — 1,] =i+ 1, e, n (6)
The normalized criteria weights of the matrix 4 = (dij)nxm are calculated as follows:

« exp(x] .
w; =Z}l=17;—fm()x}),1—1,...n (7)
where is:
exp(x;) = e¥i (8)
In order to ensure that the criteria are evaluated correctly, a consistency check (CR) is performed for each matrix
[27], as follows:

cR=< ©)

RI
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Where the consistency index (Cl) is calculated as follows:
CI — Zmax—0 (10)

0-1
The Random Index (RIl) depends on the size of the matrix and is given in Saati (1996). Z,,., in equation (9)

represents the eigenvalue of the matrix €. CR values must be less than 0.10 for all comparisons to achieve
consistency.

In the second part of the methodology, the DEA method is used to assess the relative efficiency of the alternatives,
namely railway operators, based on the defined inputs and outputs. DEA is a non-parametric method based on linear
programming that enables the comparison of multiple decision-making units (DMUs) in terms of their ability to
generate the highest possible outputs using the available inputs. In this study, railway operators are considered
decision-making units, while the efficiency of each alternative is evaluated based on the relationship between the
output and input variables. In accordance with the defined research objective, a conventional output-oriented DEA
approach is applied to examine the extent to which outputs can be maximized at a given level of inputs.

2.5 Step 5 - Defining the decision-making units, inputs, and outputs

After determining the relative weights of the criteria using the FAHP method, the criteria were classified according to
the nature of their impact on the efficiency of railway operators. Criteria for which lower values are preferable were
grouped into the input variable, whereas criteria for which higher values are preferable were grouped into the output
variables. To simplify the DEA model and ensure a clearer evaluation of the alternatives, the individual criteria were
aggregated into composite values using the weights obtained through the FAHP analysis, resulting in one input
variable and one output variable.

This approach ensures a direct methodological link between the FAHP and DEA methods, since the results of the
FAHP method provide the basis for structuring the DEA model. The aggregated variables defined in this manner
enable the efficiency of railway operators to be assessed in the second stage of the analysis through the relationship
between one input and two outputs, while preserving the relative importance of all previously evaluated criteria.

2.6 Step 6 — Formulating the DEA model

To assess the relative efficiency of the alternatives, the conventional CCR DEA model, which assumes constant
returns to scale, is applied in this study. Since the analysis adopts an output-oriented approach, the objective of the
model is to maximize outputs at predetermined input levels. In other words, the model examines the extent to which
a railway operator can improve its output performance without increasing the level of input resources used.

The basic form of the DEA model for the decision-making unit under evaluation, DMUo, can be expressed as the ratio
of the weighted sum of outputs to the weighted sum of inputs:

_ Zf’:luTYTO
maxhy = T vt (11)
with restrictions:
Zleur%'o .
mﬁl,]—l,...,n (12)
u-=>11,..,s (13)
v, =21,1,..,m (14)

where is:

yr,j — value of the r-th output for the j-th decision-making unit
x; ; — value of the i-th input for the j-th decision-making unit
u, — weight assigned to the r-th output

v; — weight assigned to the i-th input

n — number of decision-making units

s — number of outputs

m — number of inputs

Since the above model is expressed in fractional form, it is transformed into an equivalent linear form to facilitate its
solution. The linearization is performed by normalizing the denominator, that is, by setting the weighted sum of inputs
for the decision-making unit under evaluation equal to 1. The model then takes the following form:

max Y7—1 UrYro (15)
on condition:

Yit vixyp =1 (16)

Yr=1UrYro — Xim1 ViXio <0,/ =1,..,n (17)

u,>0,1,..,s (18)
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Based on the model defined above, the optimal input and output weights are determined for each decision-making
unit. Each alternative is allowed to select the most favorable set of weights, subject to the condition that the efficiency
score of no other alternative may exceed 1. In this way, DEA enables an objective comparison of the alternatives
against the best practices observed within the analyzed set.

2.7 Step 7 — Calculating the efficiency of the alternatives

By applying the DEA model, a relative efficiency score is obtained for each alternative. Decision-making units located
on the efficiency frontier are considered efficient, whereas scores below the efficiency frontier indicate relative
inefficiency compared with the other alternatives. The obtained results enable the identification of reference units and
provide insight into potential performance improvements for inefficient alternatives.

2.8 Step 8 — Ranking the alternatives

The alternatives, namely the railway operators, are ranked based on the calculated efficiency scores. Alternatives
with higher efficiency scores occupy better positions in the final ranking, thereby providing a clear basis for
comparison and selection of the most efficient alternative. The results of the DEA analysis therefore represent an
important basis for final decision-making.

The defined methodological procedure provides the basis for testing the proposed theoretical model. The following
section presents the application of the integrated FAHP-DEA model through the determination of criteria weights, the
formation of input and output variables, the assessment of relative efficiency, and the ranking of the observed
passenger railway operators.

3 Results and discussion
3.1 Testing of the theoretical framework

In order to analyse the performance of passenger railway transport, this paper considers four passenger railway
operators operating within Europe. The operators are labelled A1, A2, A3 and A4 in order to preserve anonymity and
ensure a more objective comparison of performance without directly focusing on individual companies. The selection
of operators was based on their market presence, traffic volume, level of railway network development, and the
availability of relevant data for performance analysis. The selected operators were considered suitable for
comparative evaluation because they represent different levels of development in passenger railway transport. They
differ in terms of infrastructure quality, degree of digitalization, traffic organization, service reliability, and accessibility
conditions. This diversity enables the proposed model to be tested on operators with different performance
characteristics, while anonymization allows the analysis to focus on the methodological application and comparative
performance patterns rather than on the public identification of individual railway companies. Although the operators
are anonymized, they are based on real passenger railway systems from countries in the Balkan region, while the
labels A1, A2, A3, and A4 are used to protect the identity of individual operators and avoid direct public comparison.

The data sources used in the research include official annual reports of railway operators, statistical data from
regulatory bodies and international organizations, as well as data available in reports of the European Union Agency
for Railways [28]. In addition, some qualitative indicators are based on analyses of user satisfaction and expert
assessments, which enable the inclusion of subjective aspects of service quality in the evaluation process.

Operator A1 is characterized by a high level of operational organization and developed railway infrastructure, with a
significant degree of network modernization and electrification. The operator profile corresponds to a system with
modernized main corridors, relatively higher operating speeds, and modern or partly modernized rolling stock. The
system achieves a high level of punctuality and reliability, with relatively minor deviations from the planned timetable.
The operator has developed digital services, including online ticket sales, mobile applications, and real-time
passenger information systems. Particular attention is given to service accessibility and support for persons with
reduced mobility through adapted infrastructure and assistance services. The observed system demonstrates a
balanced level of development across the operational, technological, and qualitative aspects of passenger railway
transport.

Operator A2 operates within a developed railway network with a large volume of passenger traffic and a significant
number of transported passengers. The system includes important electrified sections, developed intermodal nodes,
and partly modernized infrastructure and rolling stock. Its operational performance is characterized by a stable level
of punctuality and reliability, with occasional deviations caused by infrastructure limitations and traffic intensity. Digital
sales channels and passenger information systems are well developed, while continuous investments in
infrastructure and rolling stock represent an important part of the strategy for improving service quality. Compared
with A1, this operator shows a slightly lower level of operational stability and digital integration, but still maintains a
relatively strong level of service frequency and intermodal connectivity.

Operator A3 is characterized by a large operational traffic volume, but also by significant challenges in terms of
system reliability and stability. The operator’s infrastructure includes a combination of modernized and outdated
network segments, which affects achieved speeds, punctuality, and traffic continuity. The rolling stock is partly moder-
nized, while some parts of the system still require additional technical and organizational improvement. Digital servi-
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ces and customer support systems are available to passengers, but with a lower level of functionality and integration
compared with more developed systems. Although safety indicators are aligned with European standards, the system
is exposed to infrastructure and organizational constraints that affect operational efficiency and service quality.

Operator A4 operates within a railway system with a limited traffic volume and significant infrastructure constraints.
Its operational profile corresponds to a system with lower operating speeds on certain sections, older or only partly
modernized rolling stock, and a lower level of technical modernization compared with the other observed operators.
The infrastructure and rolling stock have been partially modernized, but the system still largely depends on older
technical solutions and limited investment capacity. Digital services, including online ticket sales and basic customer
support systems, are available to passengers, but the possibilities for real-time passenger information during travel
and the integration of digital services remain limited. These characteristics indicate weaker reliability, lower
accessibility performance, and the need for additional investment in infrastructure, traffic organization, and service
quality improvement.

3.2 Evaluation criteria

Based on the analysis of the relevant literature, the European regulatory framework, and the practices of railway
operators, a set of criteria for the evaluation of passenger railway operators was defined. The criteria were selected
based on their representation in the literature, their importance for assessing service quality, and their applicability in
the process of evaluating railway system performance. In order to provide a more systematic assessment of operator
performance, the criteria were grouped into five main categories (Table 2): Service Quality, Safety and Sustainability,
Operational Performance, Accessibility and Inclusiveness, and Digitalization and Passenger Information. The
definition of the criteria is based on the principles of sustainable mobility, the QMS approach, and the requirements
of the European regulatory framework for railway transport [27, 28].

Table 2. Defined criteria by group

Criterion group

Criterion group

Criterion group

Reliability (C1)

Stability and continuity of service provision

Punctuality (C2)

Alignment between the realized and planned timetable

Professionalism and the attitude of staff toward

Servi_ce Staff professionalism (C3) passengers
[3’Q5-,L’le,lt;}3/1]_ Travel comfort (C4) Comfort and quality qf travel conditions during the
journey
Cleanliness (C5) Hygiene conditions in trains and stations
On-board services (C6) Availability of additional services during the journey
Safety & Safety incidents (C7) Number of safety incidents per passenger-kilometre
Sustainability Perceived safety (C8) Subjective perception of safety during the journey
[28,29] CO; emissions (C9) CO, emissions per passenger-kilometre
Service frequency (C10) Frequency of departures and availability of the service
Operational Intermodality (C11) Integration with other modes of transport
Pe[r;%r’rgag?ce Speed performance (C12) Achieved speeds and operational traffic efficiency

Rolling stock turnaround time (C13)

Efficiency of rolling stock utilization

Capacity utilization (C14)

Utilization of available capacity

Accessibility &
Inclusiveness

Accessibility for PRM (C15)

Accessibility for persons with reduced mobility

Infrastructure accessibility (C16)

Physical accessibility of stations and infrastructure

Ticket affordability (C17)

Economic affordability of the service

[32,33]
Passenger orientation and signage Clarity of signage and availability of information within
clarity (C18) the system
Digitalization & Real-time pas(s(;n g)er information Availability of real-time information
Passenger
Information Digital ticketing (C20) Functionality of digital sales channels
(6, 30]

Digital customer support (C21)

Availability of digital customer support
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3.3 Model testing and results

In accordance with the hierarchical structure of the FAHP method defined in Section 3, the problem was formulated
accordingly. The objective, that is, the problem being solved, was defined in the Introduction of the paper as the
evaluation of railway operators for passenger transport. The alternative solutions to be evaluated were defined in
Section 3.1, and the criteria used for the evaluation were defined in Section 3.2. The following section presents the
solution to the problem of evaluating and ranking railway operators using the model defined in Section 3.

During the pairwise comparison process within the FAHP method, the linguistic evaluations presented in Table 1
were used. This resulted in the formation of matrix (1). A triangular fuzzy number was defined for each criterion (2).
The following section presents the assigned linguistic evaluations used in pairwise comparisons within all criterion
groups, as well as between the criteria themselves (Tables 3, 4, 5, 6, 7, and 8). The evaluation was conducted by
experts in railway transport, service quality, and transport planning, with experience in analysing railway system
performance and applying multi-criteria decision-making methods. The expert panel included 13 professionals with
experience in passenger railway transport, transport planning, service quality assessment, and multi-criteria decision-
making. The experts were selected because of their professional knowledge of railway system performance and their
ability to assess both operational and qualitative aspects of railway services. Their expertise covered areas such as
railway operations, accessibility, sustainability-related indicators, passenger service quality, and digital service
development. This profile was considered appropriate because the proposed model includes both measurable
operational indicators and criteria that require professional judgment, such as passenger orientation, perceived
safety, comfort, and digital service quality. Their assessments were used to compare the criteria and subcriteria
within the FAHP method.

Table 3. Pairwise comparison of subcriteria within the Table 6. Pairwise comparison of subcriteria within the
Service Quality group Accessibility and Inclusiveness group
C1 Cc2 C3 C4 C5 | C6 C14 C15 C16 C17
C1 / BP RP QP PP | VP C14 / BP MP PP
C2 / RP MP PP | SP C15 / BP MP
C3 / RP MP | PP C16 / RP
C4 / RP | QP Cc17 /
C5 / MpP Table 7. Pairwise comparison of subcriteria within the
C6 / Digitalization and Passenger Information group
Table 4. Pairwise comparison of subcriteria within the il S e20 ez
Safety and Sustainability group Cc18 / RP QP SP
C7 C8 C9 C19 / MP PP
c7 / RP VP C20 / RP
Cc8 / MP C21 /
C9 / Table 8. Pairwise comparison of criteria
Table 5. Pairwise comparison of subcriteria within the K1 K2 K3 K4 K5
Operational Performance group KA / RP MP PP sp
C10 C11 C12 C13 K2 / RP WP P
C10 / BP QP VP K3 / RP VP
C11 / MP PP Ka / P
C12 / QP K5 /
C13 /

After applying the FAHP method using the input data presented in the previous tables, the criteria weights were
obtained using Equation (7). The defuzzified criteria weights are presented in Table 9.

Table 9. Criteria weights
Ci|C1|C2|C3|C4|C5|CB6|C7T|C8B|CO9|C10|C11|C12|C13|C14|C15|C16|C17|C18|C19|C20|C21
W;j (0.180/0.140]0.078|0.044|0.025/0.012(0.171]0.067|0.019|0.072|0.047{0.017|0.006|0.040|0.023|0.013|0.005{0.022(0.012|0.004|0.003

For the purpose of applying DEA, the weighted criteria were transformed into aggregated input and output variables.
In this research, inputs refer to the weighted service and operational conditions that describe the level of resources,
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effort, and system characteristics involved in providing passenger railway services. Outputs refer to the achieved
performance effects of operator activity, particularly in terms of safety, sustainability, and intermodal performance.
This classification made it possible to adapt the multidimensional FAHP results to the DEA structure and to calculate
the relative efficiency of the observed operators. The final classification of criteria into inputs and outputs is presented
in Table 10.

Table 10. Inputs and Outputs

Inputs Outputs
C1, C2, C3, C4, C5, C6, C10, C12, C13, C14, C15, C16, C17, C18, C19, C20, C21 C7, C8, C9, C11

Table 1 presents the linguistic evaluations of alternatives according to the criteria. The evaluations used within the
DEA method were defined using the same fuzzy sets as those applied in the FAHP method. Based on this, the
evaluation matrix of alternatives according to the criteria was formed (Table 11).

Table 11. Evaluation of alternatives according to the criteria

A1 A2 A3 A4
C1 VP/B PP/B QP/B BP/B
C2 AP/B SP/B QP/B EP/G
C3 SP/B SP/B PP/B PP/B
C4 PP/B PP/B QP/B MP/B
C5 SP/B PP/B QP/B QP/B
C6 VP/B VP/B VP/B PP/B
C7 AP/B VP/B SP/B MP/B
C8 AP/B VP/B PP/B PP/B
C9 AP/B SP/B SP/B QP/B
C10 VP/B AP/B VP/B PP/B
C11 VP/B AP/B SP/B QP/B
C12 VP/B VP/B PP/B RP/B
C13 VP/B SP/B PP/B RP/B
C14 VP/B VP/B SP/B SP/B
C15 VP/B PP/B PP/B MP/B
C16 VP/B PP/B QP/B RP/B
C17 SP/B SP/B QP/B RP/B
C18 SP/B SP/B QP/B BP/B
C19 SP/B VP/B PP/B RP/B
C20 AP/B AP/B VP/B VP/B
C21 AP/B AP/B VP/B VP/B

The values of the criteria weighting coefficients obtained by applying the FAHP method, presented in Table 9, were
combined with the evaluations of alternatives presented in Table 11. The FAHP and DEA methods were connected
through the weighted evaluation of alternatives. FAHP was first used to determine the relative importance of each
criterion based on expert pairwise comparisons. The four operators were then evaluated against all criteria using the
predefined linguistic scale. These evaluations were transformed into numerical values and combined with the
corresponding FAHP weights. The resulting weighted values were aggregated according to the input and output
structure presented in Table 10 and then used in the DEA model to calculate the relative efficiency of each operator.
In this way, the input data for applying the DEA method were formed. The criteria previously classified as inputs were
aggregated into a single input value, while the same procedure was applied to the criteria classified as outputs.

After forming the input and output data, the DEA method was applied to assess the relative efficiency of the observed
alternatives. The final ranking of alternatives obtained by applying the DEA method is presented in Table 12. The
obtained results indicate that alternative A1 is the best-ranked alternative, which means that it achieves the most
favourable relationship between the engaged inputs and achieved outputs compared with the other analysed
alternatives. The ranking results show that A1 achieved the highest efficiency score because it demonstrates a
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balanced relationship between service conditions and achieved performance effects. This operator is characterized
by a higher level of operational organization, reliable service provision, developed digital services, and better
accessibility performance. A2 also achieved a high efficiency score, which indicates stable performance, although
with certain limitations compared with A1. The lower efficiency scores of A3 and A4 suggest that infrastructure
constraints, weaker digital integration, lower service reliability, and limited accessibility can reduce the overall
efficiency of passenger railway operators. In practical terms, these results indicate that the proposed model can help
decision-makers identify not only the best-performing operator, but also the areas in which lower-ranked operators
require improvement.

Table 12. Model results

Alternative U I Efficiency
A1 0.209 0.795 1.000
A2 0.196 0.694 0.930
A3 0.187 0.570 0.802
A4 0.185 0.330 0.468

3.4 Discussion

Passenger railway transport plays an important role in the development of sustainable transport systems due to its
energy efficiency, high transport capacity, and lower negative environmental impact compared with other modes of
transport. The contemporary development of the railway sector is directed toward improving service quality,
increasing operational efficiency, advancing digitalization, and strengthening the competitiveness of railway
operators in accordance with the principles of sustainable mobility and European regulatory requirements. Under
such conditions, the evaluation of railway operators represents a complex decision-making problem that requires the
simultaneous consideration of a large number of quantitative and qualitative criteria, including operational
performance, service quality, sustainability, accessibility, and system digitalization.

The research results confirm that the integration of FAHP and DEA methods represents a suitable approach for the
evaluation and ranking of passenger railway operators [9,18]. The proposed model enables the simultaneous
consideration of qualitative and quantitative criteria, thereby providing a more comprehensive assessment of operator
performance compared with approaches based on a limited number of indicators. The application of the FAHP
method enabled the determination of the relative importance of criteria under conditions of uncertainty and linguistic
expert assessments, while the DEA method was used to assess the relative efficiency of operators based on defined
input and output variables [10,11].The results of the FAHP analysis indicate the importance of criteria related to
service reliability, safety, and the quality of railway traffic organization, confirming that operational stability and safety
represent key factors of quality in passenger railway transport [5,6]. At the same time, criteria related to digitalization,
accessibility, and the quality of passenger information are becoming increasingly important in the operator evaluation
process due to the development of modern transport systems and the growing expectations of users [33,34]. The
obtained results confirm that the quality of railway service no longer depends exclusively on operational indicators,
but also on the ability of operators to ensure a high level of user experience and service accessibility. The DEA
analysis indicated differences in the level of efficiency among the observed operators [7]. Operator A1 achieved the
highest efficiency value, indicating the most favourable relationship between input and output performance within the
observed set of alternatives. The high efficiency level of this operator can be associated with developed infrastructure,
a high level of traffic reliability, well-developed digital services, and a higher level of service accessibility. On the other
hand, operators with lower efficiency values showed more pronounced infrastructure constraints, a lower level of
digitalization, and weaker operational performance, indicating the need for additional investments and improvements
in the organization of the railway system.

From a transport policy and railway technology perspective, the obtained efficiency scores show that operator
performance is strongly influenced by infrastructure quality, rolling stock modernization, electrification, operating
speed, and digital service development. Operator A1 achieved the highest efficiency score because it represents a
more modernized passenger railway system, with a higher level of electrification, more reliable rolling stock, better
service organization, and more developed digital passenger services. These characteristics support punctuality,
reliability, lower environmental burden, and better passenger information. The lower efficiency score of operator A4
can be explained by stronger infrastructure constraints, lower operating speeds on certain sections, older or only
partly modernized rolling stock, and weaker digital integration. These limitations reduce service reliability and make
it more difficult to achieve stable operational performance. In practical terms, the results indicate that the efficiency
of weaker operators can be improved through infrastructure modernization, rolling stock renewal, electrification,
improved traffic organization, and the development of real-time passenger information systems. The obtained results
are consistent with previous studies emphasizing the importance of reliability, safety, passenger information quality,
and digitalization in the evaluation of railway and transport systems [3,6,32]. The research results confirm that
integrated FAHP and DEA approaches facilitate a more detailed and objective assessment of operator performance
compared with models based exclusively on operational or quantitative indicators.
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The practical implication of this research relates to the possibility of applying the proposed FAHP and DEA framework
as a decision-support tool in the evaluation of passenger railway operators. The defined model can assist managers,
regulatory bodies, and decision-makers in identifying the strengths and weaknesses of operators, determining
improvement priorities, and managing service quality more effectively. In addition, the model enables a more
transparent comparison of operators based on a larger number of criteria, which may contribute to improving
competitiveness and increasing user satisfaction in railway transport. The theoretical implication lies in the
establishment of an integrated methodological framework for the evaluation of passenger railway operators that
includes 21 criteria grouped into five categories: service quality, safety and sustainability, operational performance,
accessibility and inclusiveness, and digitalization and passenger information. Unlike existing studies, which mainly
focus on a smaller number of criteria or partial aspects of system performance [17,18], the proposed approach
provides a more detailed and systematic evaluation of operators through the integration of qualitative and quantitative
indicators into a unified decision-making framework. A particular contribution of the paper refers to the inclusion of
criteria defined in accordance with the principles of sustainable mobility and the QMS approach, which enables a
more detailed assessment of railway operator performance.

4 Conclusions

This paper proposed an integrated FAHP-DEA model for the evaluation of passenger railway operators. The model
combines qualitative and quantitative criteria and enables the ranking of operators according to their relative
efficiency. The application of the model showed that operator A1 achieved the highest efficiency score, while operator
A4 achieved the lowest score. These results indicate that differences in infrastructure quality, rolling stock
modernization, electrification, service reliability, accessibility, digitalization, and traffic organization can strongly
influence the efficiency of passenger railway operators. The scientific contribution of this paper is reflected in the
development of an integrated QMS-oriented FAHP-DEA framework that enables the evaluation of passenger railway
operators using a multidimensional set of qualitative and quantitative criteria. The proposed framework can support
managers, regulatory bodies, and decision-makers in identifying performance gaps, setting improvement priorities,
and improving the quality and sustainability of passenger railway transport. Although the proposed model provides
significant opportunities for operator evaluation, the research also has certain limitations that should be considered
when interpreting the results. The first limitation refers to the number of analysed alternatives, since the research
was conducted on a limited sample of railway operators. Including a larger number of operators could contribute to
a more detailed assessment of performance differences and greater generalization of the results. The second
limitation refers to the dependence of the results on the expert assessments used in the FAHP method. Although the
fuzzy approach is used to model the uncertainty and subjectivity of expert evaluations, the final values of criteria
weights and ranking results still depend on the experience and preferences of the experts involved in the evaluation
process. In addition, some of the criteria used in the research are based on qualitative assessments and subjective
perceptions of service quality, which may represent an additional source of uncertainty in the decision-making
process. Another limitation of the research relates to the availability and homogeneity of data on railway operator
performance. Future research should be directed toward expanding the set of alternatives, including additional
criteria, and applying other multi-criteria, fuzzy, or grey approaches in order to improve the robustness of the model
and compare the results of different methodological approaches. In addition, future research could include the
application of dynamic DEA models, sensitivity analysis of the results, and the use of real operational data from a
larger number of railway operators in order to improve the accuracy and practical applicability of the model.
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