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Abstract: The aim of this study is to elaborate on an integrated approach for transport planning in
railway passenger transport in the case of uncertainty. The methodology consists of four stages.
In the first stage, the parameters of a multi-criteria model in the case of uncertainty were determined.
This includes defining the criteria for selection of a transport plan; formulation of the alternatives of
the transport plan; formulation of the strategies and probability variants of passenger flow variation
for each strategy. In the second stage, the weights of the probability variants of the strategies for
change in passenger flow were determined using the analytic hierarchy process (AHP) method.
The alternatives of the transport plan were ranked by applying the sequential interactive modeling
for urban systems (SIMUS) method based on linear programming. The results for the values of the
criterion of ranking obtained through the SIMUS method and the weights of the variants of passenger
flow variation calculated with the AHP method were used as input in the expected values in the
decision tree. The selection of a suitable alternative in the case of uncertainty was conducted in the
third stage by applying the decision tree method. In the fourth stage, verification of the results was
made using Laplace’s criterion and Hurwitz’s criterion. The integrated multi-criteria approach was
applied for Bulgaria’s railway network. The multi-criteria approach elaborated herein could be used
for decision-making in the case of uncertainty about passenger flow; to investigate different strategies
of passenger flow variation and to make decisions in case of instability of passenger flow or lack of
sufficient travel data.

Keywords: SIMUS; AHP; decision tree; transport plan; Laplace’s criterion; Hurwitz’s criterion

1. Introduction

Successful transport planning depends on the possibilities of symmetry, on the one hand, between
passenger satisfaction and the capabilities of the railway operators, and on the other hand, between the
subjectivism of the decision maker and the importance of the criteria for assessment of the transport
process. The elaboration of a new integrated approach to decision-making allows for the symmetry
principles to be considered also in cases of uncertainty about passenger flow. Thus, a balance should
be established between the probabilities for changes in passenger flow and the sustainability of the
transport plan.

The number of trains, their categories, routes, and stops are the elements of the transport plan,
which need to be determined. Passenger flow and transport demand have to be the subject of
preliminary studies in order to establish the optimal organization of the transport process. Various
criteria related to passenger transport service and the capabilities of railway operators influence
transport planning. When passenger flow is pre-defined on the basis of statistics from sold tickets
or counting of the passengers, the situation of decision-making concerning the transport plan is a
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situation of certainty. Passenger flow may change according to various factors, such as repairs to
railway infrastructure; competitive modes of transport; change in the conditions of travel; increase of
train operating speeds or other reasons. In such cases, the determination of an appropriate transport
plan is carried out in a state of uncertainty. The uncertainty is a situation where there is not adequate
data about the distribution of the demand or probabilities of different events. When the demand
is not known but there is some information about the probabilities of the events, the situation of
decision-making is under risk. The successful planning of passenger services requires a complex
view not only when the demand for transport services has been established in advance, but also in
cases where the size of passenger flow is uncertain. It is necessary to increase the effectiveness of the
decision-making in case of risk and uncertainty, by studying the impact of variation in passenger flow
and criteria related to the transport process.

The hypothesis of the study is that transport planning in railway passenger transport depends
on technological and economic criteria; the uncertainty of passenger flow impacts the choice of a
suitable alternative of the transport plan; the railway transport service could be improved by taking
into account both the above criteria and the state of uncertainty.

The research questions that have to be solved to address the following issues: how to determine
the probabilities of changes in passenger traffic to be used by the decision maker in transport planning;
how the uncertainty in the change of the passenger flow affects the transport plan of passenger trains
in the railway network; whether a stable solution can been established that is favorable for both
passengers and the railway operator.

In the present study, the sequential interactive model for urban systems method (SIMUS), analytic
hierarchy process method (AHP), the decision tree method, and the decision-making criteria—Laplace’s
criterion and Hurwitz’ criterion—are proposed to assess railway passenger transport plan under
uncertainty. The SIMUS method based on linear programming makes it possible to rank the alternatives
of the transport plan according to multiple objectives, and does not use experts’ assessment of the
criteria. The decision tree allows for decision-making in the case of uncertainty on the basis of profits
and probabilities for variation of passenger flow. The AHP method helps to determine the probabilities
of variation of passenger flow.

The integration of the SIMUS method on the one hand and the AHP method on the other hand
with the decision tree method allows for the development of an appropriate transport plan with given
probabilities of change in passenger flow. The SIMUS method allows for decision-making in a state
of certainty where different variants can be studied and compared at a predetermined known size
of passenger flow. When the size of passenger flow is not known in advance, or the probabilities
of its change are known, then decision-making is in a state of uncertainty and risk. The aim of the
decision-maker is to be able to develop a transport plan in a state of uncertainty. The determination of
the probabilities of changes in passenger flow can be done on the basis of expert assessments or by
an analysis of statistical data about previous periods. Both approaches were used in this study, and
on the basis of a study of the size of passenger traffic for a 10-year period, its tendency to decrease
or increase compared to the previous year was established, and thus the strategies for changing the
passenger flow were determined. The probabilities for the implementation of the strategies for change
in passenger flow are determined by expert assessments. In the research, the AHP method is chosen,
using expert assessment by an established scale. In this way, the probabilities are established and are
used in the decision tree method.

The purpose of this paper is to elaborate on an integrated approach based on the multi-criteria
methods and the decision tree method to select the suitable transport plan that takes into account the
uncertainty of passenger flow, the needs of the passengers, and the capabilities of the railway operator.

The novelty of the proposed approach and its main contribution refers to the integration of the
multi-criteria analysis, which defines the importance of the criteria and ranks the alternatives, and the
decision tree method to determine the suitable transport plan for railway networks taking uncertainty
into account. The output of the multi-criteria analysis serves as an input to the decision tree technique.
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The paper is structured as follows. Section 2 is the literature review. Section 3 presents the
methodology. Section 4 shows the experimentation and results. Section 5 gives the conclusions.
The elaborated methodology is applied for transport planning in Bulgaria’s railway network.

2. Literature Review

Various authors applied multi-criteria decision-making methods to assess the criteria related to
transport planning. Different multi-criteria methods used in transport systems and railway engineering
were analyzed in [1,2]. The analytic hierarchy process (AHP) method was applied to investigate
rail transit networks [3]. Financial, economic, system planning, and policy criteria were assessed.
The model was experimented for Istanbul. The quality of passenger transportation by railway transport
was analyzed by using the AHP method [4–6]. Lithuanian railways were analyzed using questionnaires
referring to four groups of criteria: price of ticket, trip process planning and technology, train elements
and the technical state of rails, safety. Forty-nine sub-criteria were investigated. The criteria of costs,
comfort, accessibility to the stop, waiting time, riding time, maintenance and renewal of route were
used in [7] to investigate the choice of the means of urban passenger transport. Two multi-criteria
methods were used— ELimination Et Choice Translating Reality (ELECTRE) and AHP. Multi-criteria
analysis was used in [8] to assess transportation investments. The AHP method and best worst
method (BWM) are used for problem solving. Passenger services, environment, economics, urban
planning, and architecture were determined as the main criteria. Travel cost, travel time, waiting
time, suitability, accessibility, and safety were determined in [9] to assess public transport systems.
An integrated multi-criteria approach based on the Delphi method, AHP, and Preference Ranking
Organization METHod for Enrichment of Evaluations (PROMETHEE) method was applied in [9].
It was found out that the safety and suitability criteria were most important. The safety, rapidity, time,
and comfort criteria were used in [10] to analyze the operation efficiency of the passenger transport.
The integrated DEA-AHP model was studied. The multi-criteria methods analytic network process
(ANP) and technique for order preference by similarity to ideal solution (TOPSIS) were used in [11]
to evaluate alternative monorail routes. The economic, social, engineering, environmental impacts
were applied to assess the alternatives. In [12], the authors assessed railway route planning based on
the investment, costs, and number of trains criteria. The multi-criteria optimization and compromise
solution (VIKOR) method was used.

Regression models were examined in [13] to assess the criteria affecting high-speed train services.
The authors studied the criteria related to physical conditions, advertisements and information services,
food service, personnel. Integer linear programming model and light robustness were proposed in [14]
to investigate train timetabling and stop planning. The fuzzy AHP and rough AHP method were
applied to investigate traffic accessibility [15]. The authors studied four groups of main criteria, such
as transport, space, quality of service, system quality. The capacity utilization in the railway network
was studied in [16]. The authors used criteria such as the length of railway network, number of
trains per day, passenger and freight kilometers, punctuality of the trains to assess a ten-year period.
An integrated neutrosophic set and the decision-making trial and evaluation laboratory (DEMATEL)
multi-criteria method was elaborated on in [17] to choose the transport service provider.

The criteria for the quality of passenger rail transport were assessed using the full consistency
method elaborated in [18]. The following importance of the defined criteria was established—
accessibility, availability, security, time, customer care, information, comfort, and environmental
impact. In [19], the authors applied the criteria for evaluation of transport planning such as costs,
travel time, safety, profitability, environmental friendliness. The ELECTRE III and AHP methods were
applied. The criteria of comfort and cleanness, service accessibility, information availability, service
organization, staff behavior, behavior of inspectors, and costs were applied in [20] to establish the
service quality of public transport. Factor analysis, segmentation analysis, and cluster analysis were
used to study the customers and their quality perception.
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Some authors used fuzzy sets and multi-objective optimization for decision-making under
uncertainty. The fuzzy AHP method makes it possible to take into account the uncertainty in
decision-making. This approach was applied in [21] to determine a transport plan. The criteria of
transport costs and car fleet were taken into account. The multi-criteria approach was applied to
investigate a transportation system under uncertainty [22]. The authors defined social, environmental,
and economic indicators and used the fuzzy AHP method to calculate the weights. The fuzzy AHP
method was used to evaluate the railway timetable, [23]. The uncertain demand in passenger rail
service was studied in [24]. A revenue-maximization model including operating costs for the rail
operator and the value of time for passengers was studied by the authors. The authors used dynamic
programming in the research. The fuzzy AHP method and Hurwitz method were applied to choose
the best location of parking lots, taking into account the uncertainty of the investigated system [25].
Ranking of locations was done by means of the Hurwitz method.

The fuzzy PIvot Pairwise RElative Criteria Importance Assessment (F-PIPRECIA) and fuzzy
evaluation based on distance from average solution (F-EDAS) methods were elaborated on in [26] with
the purpose to select the best variant which allows the operator to make a profit. The model was tested
for the organization of passenger railway traffic. The authors used the following criteria to assess
variants for the organization of passenger traffic: budget, the capability of the operator, the effect,
and the period of realization.

The decision tree technique allows for decision-making in the state of uncertainty when the
selection of the best variant of action depends on the set of available possibilities. This method was
applied to solve the alternative choice problem, to determine the important criteria for the mode
of choice, to study public transport planning [27–31]. In [27], two methods were developed for
the transportation planning process and mode choice analysis, one based on the decision tree and
other based on a multinomial logit model. It was found out that the model based on decision tree
was of higher accuracy compared to the multinomial logit models. In [28], the authors studied an
expected-value-maximizing strategy and experimented with two types of probabilities in a decision
tree, the first type can be modified independently; the second type are interrelated. The decision tree
technique was used in [29] to investigate Izmir Transportation Master Plan. Twenty-five variables were
selected which were divided into four groups: house information, person information, information of
vehicle in trip, trip information. In [30], the authors studied an alternative choice problem on the basis
of fuzzy decision trees. The decision tree method was applied to study public transport planning [31].
The following criteria were applied: safety, heading way, people comfort in the queue line, quality
of the road in the busway corridor, and nonsterile bus lane. The decision tree approach was applied
in [32] to assess urban transport. Criteria such as travel information, wayfinding information, time and
movement, access, comfort and convenience, station attractiveness, safety and security, emergency
situation handling, and overall satisfaction were studied. The decision tree method was applied in [33]
to find the factors in regard to the delay of the trains.

It could be said that the main criteria that influence transport planning in related research are:
travel time, traffic safety [7,10,18,19,24,31]; transport costs [3,10,12,18,24]; number of trains [12].

Different techniques were applied in the case of uncertainty, such as fuzzy sets and multi-objective
optimization, fuzzy AHP method [21–23,25], fuzzy–PIPRECIA and fuzzy–EDAS method [26]; decision
tree [27,29,31–33]. The decision tree approach was successfully used by the authors to select the best
variant when the probabilities of the studied events are known.

Table 1 presents the methods used in literature sources on transport planning in the case of
uncertainty. The main problems solved in related research concern transport planning, railway
timetable planning, urban transport, public transport, railway passenger transport.

The multi-criteria methods using the fuzzy technique in the event of uncertainty are based on
fuzzy numbers and complex computational procedures. The probabilities of passenger flow variation
are not used in these methods.
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Table 1. Some of the methods used in literature sources on transport planning in the case of uncertainty.

Methods Used Area of Evaluation Criteria Used Author

Fuzzy AHP
Transport planning Transport costs; car fleet [21]

Social, environmental, and economic
indicators [22]

Railway timetable planning Weighted waiting times, average of waiting
time; ratio of waiting time to journey time [23]

Assessment location of parking Population, size, cost, distances [25]

Fuzzy PIPRECIA and
Fuzzy EDAS

Railway passenger transport
planning

Budget, ability of the operator, effect of
realization, period of realization [26]

Decision tree

Transport planning
House information, person information,
information of vehicle in trip, trip
information

[29]

Urban transport planning

Household size, number of vehicles,
income, age and of gender of traveller,
education level, type of employment, trip
purpose, travel time, cost

[27]

Travel information, wayfinding
information, time and movement, access,
comfort and convenience, station
attractiveness, safety and security,
emergency situation handling, and overall
satisfaction

[32]

Public transport planning Safety, heading way, people’s comfort,
quality of the road [31]

Assessment delay of the trains Manner of driving [33]

Dynamic programming Railway passenger transport
planning Operating costs, value of time [24]

In most studies, the efforts of the authors were focused on issues related to uncertainty in the
evaluation of criteria by experts, and for this reason, fuzzy models are preferred [21–23,25,26]. It could
be concluded that the cases of uncertainty of passenger flow were not sufficiently studied.

The differences between the present study and other studies in related areas lies in the
decision-making approach. This study combines the SIMUS method based on linear programming
and weighted sum method to determine the appropriate alternative in a state of certainty for
given parameters, the AHP method to determine the probabilities and the decision tree method
for decision-making in the case of uncertainty. This research deploys a combination of three
completely different methods, and thus introduces a new paradigm in multi-criteria decision-making.
The probability-based decision-making approach allows for different transport demands to be taken
into account. The appropriate alternative in this case is determined on the basis of the profit for each
alternative in the different probability states.

In this paper, the SIMUS method was preferred since it does not use expert assessments, in order
to evaluate the importance of criteria and rank the alternatives in the case of certainty.

3. Materials and Methods

Figure 1 illustrates the scheme of the methodology.
The proposed methodology consists of the following stages:
Stage 1. Forming the multi-criteria model taking into account uncertainty and risk.
Step 1. Determination of the criteria to assess the railway transport plan.
Step 2. Defining of the alternatives of the transport plan.
Step 3. Formulation the strategies of variation of passenger flow; determination of the probability

variants of the strategies for change of passenger flow.
Stage 2: Determination of the input for the decision tree model.
Step 1. Determination of the probabilities of each event. In this step, the weights of each variant

of passenger flow variation are calculated by applying the AHP method.
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Step 2. Determination of the profit of each alternative. The SIMUS method is used to rank the
alternatives. The values of the criterion of the ranking are used as the profits.

Stage 3: Selection of suitable alternative applying the decision tree method. The criterion is the
maximum of the expected value. The expected values are determined by using the results of the SIMUS
and AHP method.

Stage 4: Verification of the results obtained by the decision tree method. A comparative analysis,
using Laplace’s criterion and Hurwitz’s criterion, is performed.
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3.1. First Stage: Parameters of the Multi-Criteria Model

3.1.1. Step 1: Defining the Criteria

The first step defines the criteria to evaluate alternatives of the transport plan of intercity trains.
The criteria were selected on the basis of an analysis of criteria used to assess transport in similar
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studies. The important criteria that influence transport planning in related research are: travel
time [7,10,18,19,24,31]; transport costs [3,10,12,18,24]; number of trains [12]. Transport costs are an
important indicator for the railway operator. Travel time and the number of trains are technological
factors significant for passengers. The first indicator is related to the speed of transport; the second one
shows the frequency of service. In this study, additional technological criteria related to passenger
satisfaction are proposed. The aim of the passengers is to arrive at the final destination in the shortest
possible time. This is achieved, for example, by direct trains with reduced stops, with an increase
in operating speed. Passengers’ expectations are for regular trains service throughout the day with
sufficient capacity.

Taking into account the factors listed above the following criteria to assess the railway transport
plan were determined in this research:

C1—Frequency of services, pair trains/day. This criterion represents transport satisfaction of the
passengers with railway services.

C2—Frequency of train stops. This criterion represents the average number of train stops.
C3—Average distance travelled, km. This criterion represents the capability of the railway operator

to offer long itineraries in the transport plan.
C4—Average operating speed, km/h. This criterion is a measure of the capability of the railway

operator to provide fast transport services.
C5—Reliability. This criterion is presented by a coefficient accounting for the average delay of

trains. The coefficient is determined by dividing the number of delayed trains by the total number of
trains. In this study, the delays are studied with a duration of up to 30 min.

C6—Directness. It is represented the availability of direct service. The trains operate between big
cities of over 100 thousand inhabitants without intermediate stops. The value of C6 is 0 or 1. If the
alternative includes direct service: C6 = 1, otherwise: C6 = 0.

C7—Train capacity, seats/day. This criterion is determined by the number of seats in train
composition per day.

C8 Direct operational costs, EUR/day. This factor shows the economic capabilities of the
railway operator.

These criteria present two sides of the transport process: the capabilities of the railway operator
and the requirements of passengers. The main criterion for railway operators, when they determine
the transport plan, is operating costs. Speed, direct journey, frequency of service, and reliability are
important factors for the quality of the transport service.

3.1.2. Step 2: Determination of the Alternatives

To determine the appropriate transport plan, it is necessary to compare the pre-defined alternatives.
The number of alternatives is i = 1, . . . , I. The category of the trains, the number of wagons in the train,
number of trains, and the routes are the parameters of the transport plan.

3.1.3. Step 3: Determination of the Strategies and the Variants of Change in Passenger Flow

The strategies are formed by the decision maker by setting the percentage change in passenger
flow (reduction, preservation, or increase). This paper studies the following strategies: pessimistic
strategy—reducing passenger traffic by 10%; realistic strategy—keeping the flow of passengers;
optimistic strategy—increase of passenger flow by 10%. The reduction of the number of passengers
could be, for example, due to various reasons, such as repair of the railway track, competitive road
transport, reduced frequency, poor service. The increase in passenger traffic may be, for example, the
result of increased frequency, improved attractiveness of rail transport, introduction of additional
services, increased speed. The number of strategies is k = 1, . . . , K.

The variants of change of passenger flow are formed by setting probabilities for change of the
passenger flow for the respective strategy. Since the strategies are three, each variant contains three
numbers, the sum of which is equal to 1. The variants and the strategies are presented as a matrix
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whose rows are equal to the number of strategies, and the number of columns is equal to the number
of variants. The number of variants is j = 1, . . . , J. The variants of probabilities of passenger flow
variation for each strategy are set by experts.

3.2. Second Stage: Input for the Decision Tree Model

3.2.1. Step 1. Determination of the Weights of the Variants

This study uses the AHP method to determine the weights of the variants of passenger flow
variation. The AHP is a commonly used technique for multi-criteria analysis in decision-making.
This method uses expert assessment. The weights are calculated based on the pair-wise comparison
of the criteria by using a scale for assessing (Saaty’s scale). Table A1 in Appendix A shows Saaty’s
scale [34,35].

The result of the pairwise comparison of n criteria can be summarized in an (n, n) evaluation
matrix where every element is the quotient of weights of the criteria.

The AHP method calculates the consistency ratio CR, as a measure of the expert assessments.
Generally, if the CR is less than 0.10, the consistency of the decision-maker is considered satisfactory.

3.2.2. Step 2: Ranking the Alternatives

This study applies the SIMUS technique for ranking the alternatives of transport planning
and for assessing the criteria. The SIMUS method uses linear programming, weighted sum, and
outranking [36–38]. That method does not use experts to assess the criteria.

The application of the SIMUS starts with the formation of the decision matrix of criteria and
alternatives. This matrix is normalized. The type of optimization, the type of restrictive conditions and
their limits (RHS) are determined for each criterion This information is set at the end of the normalized
matrix. The value of RHS could be determined in two ways: by the decision maker or according to the
maximum or the minimum normalized value of the row. The maximum value of the row is chosen
in case of a maximum of the objective function; the minimum value of the row is chosen in case of a
minimum of objective function.

The linear optimization models for each criterion are formed and calculated. Each row of the
decision matrix consistently is used as the objective functions. The restrictive conditions are formed by
using the other rows of the matrix. The results of the optimization models represent the score of each
alternative. They form the efficient results matrix (ERM).

The ranking of the alternatives is made on the basis of ERM. The criterion of ranking is determined
according to the sum of all elements in each column (SC) of normalized ERM and the normalized values
of the participation factor (PF). The PF represents the number of participations of each alternative in
each column of the normalized ERM. The normalized values of PF are determined according to the
number of criteria. The highest value of the criterion of ranking indicates the best alternative.

3.3. Third Stage: Decision Tree Model

The process of decision-making using a decision tree is multi-stage one where each stage is linked
to the previous one and affects the next one. Through this method, management decisions can be made
if the probabilities of achieving one or another result and the values of the different alternatives are
known in advance.

The decision tree method uses a graphical representation of alternatives, probabilities, and
profits, [39,40]. The probabilities of different events are determined in advance. In this paper, they are
defined by the AHP method and are used as input to the decision tree. The concept of expected value
is an integral part of the method of decision trees. In this study, the values of the criterion of ranking
by the SIMUS method are used as input in expected values in the decision tree.

The criterion for choosing the best alternative by means of the decision tree method is the
maximum of the expected value, depending on the type of explored criteria.
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In this study, the weights of passenger flow variation calculated with the AHP method represent
the probabilities of the events. The values of the criterion of ranking by the SIMUS method represent
the profit.

The expected value for each event showing the variants of passenger flow variation is calculated
as follows:

EVi j = w j

∑I

i=1
CERMik P jk, (1)

where i = 1, . . . , I are the number of alternatives; k = 1, . . . , K are the number of strategies of variation
of passenger flow; j = 1, . . . , J are the variants of probabilities of passenger flow variation for each
strategy; P jk are the probabilities of passenger flow variation for variant j and strategy k; w j are the
weights of the variants of passenger flow variation determined by the AHP method; CERMik are the
values of criterion of ranking by the SIMUS method for alternative j and strategy k; w j are the weights
of the variants determined by using the AHP method; P jk are the probabilities for variant j and strategy
k for variation of passenger flow.

The following conditions are met:
J∑

j=1

w j = 1, (2)

∑K

k=1
P jk = 1, for ∀ j. (3)

The Expected value for each alternative is determined as follows:

EVi = max
i

EVi j. (4)

The optimal alternative is determined according to the maximal value of the expected value of
all alternatives:

EVopt = max
i

EVi. (5)

3.4. Fourth Stage: Verification of the Results

The verification of the results was conducted using Laplace’s and Hurwitz’s criteria [40].
The decision matrix includes the number of alternatives and the number of variants of passenger flow
variation for the strategies. The elements of the decision matrix are calculated by the Equation (1):

Li =

∑J
j=1 EVi j

J
. (6)

The best alternative is determined through the maximum value of Laplace’s criterion as EVi j
presents the benefits:

Lopt = max
i

Li. (7)

Hurwitz’s criterion uses an additional coefficient α. This coefficient permits making a decision
in the different situations. The value of α has a value between 0 and 1. Generally, α = 0.5.
While α = 1 represents an optimistic approach, α = 0 represents a pessimistic approach. Using α, in a
decision-making situation, the profit for each alternative is calculated.

The best alternative is determined by the maximum value of Hurwitz’s criterion as EVi j presents
the benefits:

Hi = αmax
i

EVi j + (1− α)min
i

EVi j. (8)

The alternative having maximum value of Hurwitz’s criterion is selected, as EVi j presents
the benefits:

Hopt = max
i

Hi. (9)



Symmetry 2020, 12, 949 10 of 23

4. Results and Discussion

The approach presented here was applied to Bulgaria’s railway network. The transport plan of
intercity trains was studied.

This research was conducted under the following limitations:
The number of wagons in the train can be three or four. This limitation is determined by the

current situation in the Bulgarian railway network.
The reduction and increase of passengers is 10%. In this way, the strategies are formed.
The variants of passenger flow variation are formed on the basis of the assumption that the

realistic strategy can have a probability between 20% and 50%.

4.1. Multi-Criteria Model

4.1.1. Alternatives

The approach presented here was applied to Bulgaria’s railway network. The transport plan
of intercity trains was studied. This research investigates three types of passenger trains: Category
1—express; the passengers must have a reservation; Category 2—intercity trains, reservation is needed;
Category 3—fast trains; reservation is not needed. Category 1 serves big transport and administrative
centers. Category 2 serves big transport and administrative centers and also additionally big cities.
Category 3 operates between additional intermediate stations.

Nine alternatives of a transport plan were studied. The alternatives were chosen taking into
account train categories and also the number of wagons in the train compositions.

Table 2 shows the alternatives. Alternatives 1–3 include three categories of trains, Alternatives
4–9 include two categories of trains. For example, Alternative 1 contains the following parameters:

- Category 1 trains are formed of 4 wagons. These trains serve 3 itineraries in the railway network.
- Category 2 trains are formed of 4 wagons too. These trains serve 7 itineraries in the railway network.
- Category 3 trains are formed of 4 wagons too. These trains serve 17 itineraries in the

railway network.

Table 2. Alternatives of transport plan.
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4.1.2. Strategies and Variants of Passenger Flow Variations

The strategies for changing the passenger flow were determined on the basis of an analysis of the
passengers transported on Bulgaria’s railway network for a ten-year period (2009–2019). Figure 2 shows
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the percentage change in passenger traffic compared to the previous year. For example, the reduction
in passenger traffic in 2010 compared to 2009 is about 4%; the increase in passenger traffic in 2019
compared to 2018 is also about 4%. Figure 2 shows that the maximum decrease in the transported
passengers is about 10%.
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The best transport plan was determined in the case of uncertainty of passenger flow.
This paper studies the following strategies: pessimistic strategy (k = 1)—reducing passenger traffic

by 10%; realistic strategy (k = 2)—keeping the flow of passengers; optimistic strategy (k = 3)—increase
passenger flow by 10%.

Table 3 presents the variants investigated in this study. For example, variant 1 indicates that the
probability of reduction in passenger flow by 10% is 0.4; the probability of preservation of passenger
flow is 0.5; and the probability of increase in passenger flow by 10% is 0.1. The variants are formed on
the assumption that the realistic strategy can have a probability between 20% and 50%.

Table 3. Variants of variation of passenger flow.

Variant
j

Probabilities of Change in Passenger Flow
Variant

j

Probabilities of Change in Passenger Flow

Strategy, k Strategy, k

1 2 3 1 2 3

1 0.40 0.50 0.10 12 0.50 0.30 0.20
2 0.10 0.50 0.40 13 0.20 0.30 0.50
3 0.30 0.50 0.20 14 0.60 0.30 0.10
4 0.20 0.50 0.30 15 0.10 0.30 0.60
5 0.10 0.40 0.50 16 0.30 0.20 0.50
6 0.50 0.40 0.10 17 0.50 0.20 0.30
7 0.20 0.40 0.40 18 0.40 0.20 0.40
8 0.40 0.40 0.20 19 0.60 0.20 0.20
9 0.30 0.40 0.30 20 0.20 0.20 0.60
10 0.30 0.30 0.40 21 0.70 0.20 0.10
11 0.40 0.30 0.30 22 0.10 0.20 0.70

4.2. Decision Tree Model

4.2.1. Weights of the Variants of Passenger Flow Variation

The weights of passenger flow variation variants were determined by using the AHP method.
For this purpose, six experts including three specialists from academia and three specialists from BDZ
Passengers service LTD, made a group assessment of the variants using Saaty’s scale 1–9, (Table A1 in
the Appendix A). Table 4 presents the pairwise comparisons. The end column of Table 4 shows the
weights of the variants.
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Table 4. Variants of passenger flow variation. Consistency CR = 0.03.

j
Variants of Passenger Flow Variation for the Strategies wj

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

1 1 1 1 1 1 2 2 1 1 2 1 2 2 2 2 2 3 2 2 2 2 1 0.065
2 1 1 1 1 1 2 1 1 1 2 1 2 2 2 2 2 3 2 2 2 2 2 0.063
3 1 1 1 1 2 1 1 2 1 2 1 1 2 2 2 2 3 2 2 2 2 2 0.063
4 1 1 1 1 2 2 2 1 2 1 2 2 2 2 2 2 3 2 2 2 2 2 0.070
5 1 1 0.5 0.5 1 0.5 1 0.5 0.33 1 1 0.5 1 1 1 1 2 1 1 2 2 1 0.039
6 0.5 0.5 1 0.5 2 1 0.5 1 2 1 1 1 0.5 1 0.5 0.5 1 1 1 0.5 1 2 0.040
7 0.5 1 1 0.5 1 2 1 2 0.5 0.5 1 2 1 2 2 2 2 1 2 2 2 2 0.056
8 1 1 0.5 1 2 1 0.5 1 1 2 1 1 2 2 2 2 1 2 2 2 2 2 0.057
9 1 1 1 0.5 3 0.5 2 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 0.067

10 0.5 0.5 0.5 1 1 1 2 0.5 0.5 1 1 1 1 2 2 2 2 2 2 2 2 2 0.052
11 1 1 1 0.5 1 1 1 1 0.5 1 1 3 3 3 3 1 2 1 1 1 1 2 0.054
12 0.5 0.5 1 0.5 2 1 0.5 1 0.5 1 0.33 1 2 2 2 2 2 2 2 2 2 2 0.050
13 0.5 0.5 0.5 0.5 1 2 1 0.5 0.5 1 0.33 0.5 1 1 0.5 0.5 1 1 1 0.5 0.5 1 0.031
14 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5 0.33 0.5 1 1 0.5 0.5 1 1 1 0.5 0.5 1 0.027
15 0.5 0.5 0.5 0.5 1 2 0.5 0.5 0.5 0.5 0.33 0.5 2 2 1 1 2 2 2 2 2 2 0.042
16 0.5 0.5 0.5 0.5 1 2 0.5 0.5 0.5 0.5 1 0.5 2 2 1 1 2 2 1 1 2 1 0.038
17 0.5 0.33 0.33 0.33 0.5 1 0.5 1 0.5 0.5 0.5 0.5 1 1 0.5 0.5 1 1 1 0.5 1 0.5 0.028
18 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5 1 0.5 1 1 0.5 0.5 1 1 1 0.5 1 0.5 0.029
19 0.5 0.5 0.5 0.5 1 1 0.5 0.5 0.5 0.5 1 0.5 1 1 0.5 1 1 1 1 1 1 1 0.030
20 0.5 0.5 0.5 0.5 0.5 2 0.5 0.5 0.5 0.5 1 0.5 2 2 0.5 1 2 2 1 1 1 2 0.037
21 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 1 0.5 2 2 0.5 0.5 1 1 1 1 1 0.5 0.029
22 1 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 1 0.5 1 2 2 1 0.5 2 1 0.033

4.2.2. Ranking of the Alternatives

The SIMUS method was applied consistently to rank the alternatives for each of the strategies.
Table 5 shows the decision matrices containing criteria values for realistic strategy. Tables A2 and A3
in the Appendix A present the decision matrices for pessimistic and optimistic strategies.

Table 6 presents the way of formation of optimization models. It is formed of two parts. The first
part consists of the normalized decision matrix for realistic strategy—keeping the flow of passengers.
The second part presents the type of optimization (minimum or maximum), type of operator, and the
upper limits to each criterion (RHS).

Table 5. Values of criteria for alternatives. Realistic Strategy (k = 2).

Criterion
i

Alternative, j

1 2 3 4 5 6 7 8 9

C1 trains/day 38 48 40 35 43 38 37 46 39
C2 number 15.45 14.94 14.68 16.17 16.79 15.55 16.19 15.72 15.62
C3 km 336.47 342.1 333.88 347.17 357.63 349.16 330.14 333.72 330.82
C4 km/h 63 64 63 63 63 63 63 63 63
C5 coef. 0.132 0.135 0.134 0.133 0.142 0.132 0.125 0.130 0.124
C6 coef. 1 1 1 1 1 1 0 0 0
C7 seats/day 10,640 10,080 10,850 9800 9030 10,010 10,360 9660 10,150
C8 EUR/day 26,374 29,263 26,902 24,937 27,425 26,157 25,419 27,647 25,683

Table 6. Normalized decision matrix for realistic strategy (k = 2).

Criterion

Alternative i

Action Operator RHS1 2 3 4 5 6 7 8 9

x1 x2 x3 x4 x5 x6 x7 x8 x9

C1 0.10 0.13 0.11 0.10 0.12 0.10 0.10 0.13 0.11 max ≤ 0.13
C2 0.11 0.11 0.10 0.11 0.12 0.11 0.11 0.11 0.11 min ≥ 0.10
C3 0.11 0.11 0.11 0.11 0.12 0.11 0.11 0.11 0.11 max ≤ 0.12
C4 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 max ≤ 0.12
C5 0.11 0.11 0.11 0.11 0.12 0.11 0.11 0.11 0.10 min ≥ 0.10
C6 0.17 0.17 0.17 0.17 0.17 0.17 0.00 0.00 0.00 max ≤ 0.17
C7 0.12 0.11 0.12 0.11 0.10 0.11 0.11 0.11 0.11 max ≤ 0.12
C8 0.11 0.12 0.11 0.10 0.11 0.11 0.11 0.12 0.11 min ≥ 0.10

x1, . . . , x9 are the score of alternatives
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The value of RHS depends on the type of optimization. The maximum or the minimum normalized
value of the row is used. In the first case, the objective of the criterion is a maximum; in the second
case, it is a minimum.

The type of optimization is set for each objective. The data for compiling the optimization models
are given in Table 5.

For example, the first model is made for the criterion C1. The objective function is:

0.10x2 + 0.13x2 + 0.11x3 + 0.10x4 + 0.12x5 + 0.10x6 + 0.10x7 + 0.13x8 + 0.11x9 →Max, (10)

where xi are the scores of the alternatives.
The other rows of the matrix (C2 to C8) serve to form the restrictive conditions. For example, the

restrictive condition for C2 is:

0.11x2 + 0.11x2 + 0.10x3 + 0.11x4 + 0.12x5 + 0.11x6 + 0.11x7 + 0.11x8 + 0.11x9 ≥ 0.10. (11)

The restrictive conditions for the other criteria are similarly formed.
For all variables, the following condition applies:

0 ≤ x1 , x2, x3, x4, x5, x6, x7, x8, x9 ≤ 1. (12)

The optimization models are performed for all other criteria.
Table 7 demonstrates the normalized efficient results matrix by using the sum of the row method

and the results of ERM ranking. Z 1, . . . , Z8 presents the target functions equivalent to criteria C1, . . . , C8

for the linear optimization models in the SIMUS method. Each row presents the values of the scores of
the alternatives according to the optimization model. For example, the results show that the second
alternative has a score of 1. The scores for all other alternatives are equal to zero. The objective that
impacts the ranking the most are criteria: C1 (frequency of services), C3 (average distance travelled);
C7 (train’s capacity), C2 (frequency of train stops), and C8(direct operational costs). They are presented
in bold in Table 7.

Table 7. Normalized efficient results matrix for realistic strategy (k = 2).

Objective
Alternative i

1 2 3 4 5 6 7 8 9

Z 1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z2 0.00 0.03 0.97 0.00 0.00 0.00 0.00 0.00 0.00
Z3 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.02 0.00
Z4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.80
Z5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.53
Z6 0.00 0.00 0.24 0.00 0.76 0.00 0.00 0.00 0.00
Z7 0.00 0.00 0.98 0.00 0.00 0.00 0.02 0.00 0.00
Z8 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00

SC 0.00 1.03 2.18 1.00 1.75 0.00 0.02 0.69 1.33
PF 0 2 3 1 2 0 1 3 2

NPF 0.00 0.25 0.38 0.13 0.25 0.00 0.13 0.38 0.25
CERMik = SC × NPF 0.00 0.26 0.82 0.13 0.44 0.00 0.00 0.26 0.33

Ranking 8 5 1 7 2 9 7 4 3

SC—sum of all scores in each column, PF—participation factor, or how many times each alternative satisfies each
objective, NPF—normalized participation factor, obtained as a ratio between the PF and total number of objectives;
CERMik —criterion of the ranking; The most important criteria are in bold.

The results indicate that Alternative 3 is the most suitable one for a realistic strategy. The ranking
for the pessimistic strategy and the optimistic strategy is determined in a similar way using the SIMUS
method. Tables A4 and A5 in the Appendix A present the results of the ranking for the pessimistic and
optimistic strategies.
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Figure 3 illustrates the ranking of the alternatives for the strategies on the basis of the SIMUS
criterion (CERMik). It could be seen that the best alternative for the studied strategies is different.
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Alternative 5 is the best for the pessimistic strategy; Alternative 2 is the best for the optimistic
strategy; Alternative 3 is the best for the realistic strategy. These results are valid in a state of certainty.
The number of trains, the categories, and the routes are different for each of the strategies. In this
situation, the transport operator must change the organization of the trains in the railway network
when passenger flow changes. This leads to instability in the transport plan and inconvenience for the
users of the train services.

The uncertainty in transport planning is related to the fact that the decision maker cannot predict
the probability of a change in passenger flow (10% reduction, saving, or 10% increase). For this purpose,
this research deploys a combination of three completely different methods, and thus introduces a new
paradigm in the multi-criteria decision-making process. The aim is to obtain a sustainable transport
plan solution.

The values of the SIMUS ranking criterion are obtained on the basis of the scores of the objective
function for each criterion. In this case, they could be accounted for as profits for each of the alternatives.
This allows the values of the criterion of the ranking by the SIMUS method to be used as input to the
decision tree in the case of uncertainty. The weights of the passenger flow variation variants determined
using the AHP method are interpreted as probabilities and are also the input to the decision tree.

4.2.3. Decision Tree

The process of drawing a decision tree consists of three steps.
First, the tree starts in a chorological order. All the alternatives start marked in branches from

the decision-making element denoted with a square. A decision event node, marked with a circle, is
placed at the end of each alternative. The variants of variation of passenger flow for each strategy
are connected with branches from each decision event node. At the end of each variant are placed
additional nodes which denote the strategies. Each strategy is presented by a branch and is connected
to the relevant node.

Second, once the tree is drawn, the final profits for each branch are determined and are placed at
the end of each branch. The probability for the event is indicated. The values of the ranking criterion
obtained using the SIMUS method for each alternative and strategy represents the possibilities.

Third, the tree is evaluated from right to left. The decision tree starts with a decision box having
nine branches representing the nine alternatives of the transport plan. Each branch has twenty-two
events or possibilities representing the number of variants of change of passenger flow. All the events
are illustrated by circles. Each event has three branches representing the strategies of change in
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passenger flow. The probability of each strategy is indicated in the end of the branch. The values of the
ranking criterion calculated by the SIMUS approach are presented on each of branches representing the
strategies. The values of the weights of the variant determined using the AHP method are presented in
the end of the branches.

Figure 4 presents the decision tree for the problem under study.Symmetry 2020, 12, x FOR PEER REVIEW  16 of 24 
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The selection of the best alternative is performed in the following sequence. First, the values of
expected values EVi j for each variant are calculated. The results are placed next to the event node
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presenting the variants. Second, for each alternative is determined the expected value and it is placed
next to event node. Third, the optimal alternative is selected, according to the criterion maximum value
of the expected value. The branch of the selected alternative that is connected with the decision-making
element is marked with a thick line.

Table A6 in the Appendix A shows the value of the expected value for each variant of passenger
flow variation and the alternative determined by Equation (4).

Figure 5 illustrates the comparison of the expected value for all alternatives according to the
variants of passenger flow variation. It can be seen that the competing strategies are Alternatives 2,
Alternative 3, and Alternative 5. Alternative 3 has the maximum value of the criterion for most of the
variants. Alternative 2 is also the best for variants 15–22. Alternative 3, Alternative 2, and Alternative 5
have close results for variants 10 and 14. Alternative 6 has a value equal to zero for all variants. This is
due to the value of the ranking criterion obtained using the SIMUS method which is equal to 0.
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Figure 6 presents the expected value for alternatives, EVi. The optimal solution is chosen according
the maximum expected value. The results show that Alternative 3 is the best.
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The obtained solution makes it possible for the transport plan to be sustainable in the case of
uncertainty with specified limitations and probabilistic change in passenger flow. The organization
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of passenger rail transport according to Alternative 3 includes express, intercity, and fast trains.
The number of trains with decreasing and increasing passenger traffic is different. It can be seen in
Table 5, Tables A2 and A3 in the Appendix A. In the case of keeping the passengers, the number of
trains is 40 pairs per day; when there is a decrease in passengers, the number of trains is 38 pairs per
day; when passengers increase, the number of trains is 42 pairs per day. The routes for all categories of
trains remain unchanged.

Figure 7 illustrates the difference in operating costs for the best alternatives in the case of certainty
or uncertainty. The first row below the abscissa shows the best alternatives for the state of certainty for
the studied strategies; the second row indicates the best alternatives for the state of uncertainty for the
strategies, and the third row represents the corresponding strategy for which the decision was made.
It could be seen that obtained results for the case of uncertainty show a reduction in operating costs
for the transport plan compared to the case of certainty. The obtained results make it possible for the
transport operators to take not only planning decisions but also operational ones.
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4.3. Verification of the Results

Laplace’s criterion and Hurwitz’s criterion were used to verify the results obtained through the
decision tree method. Both criteria use data of the expected values determined by Equation (4) which
are given in Table 8. Hurwitz’s approach uses coefficient α to assess the best alternative in different
preferences of decision-making. Alternative 3 is selected by means of Laplace’s criterion as the best.
Alternative 5 is in the second position with close values of Laplace’s criterion.

Table 8. Parameters of Laplace’s criterion and Hurwitz’s criterion.

Alternative
i

Laplace’s
Criterion

max
i

EVij min
i

EVij

Hurwitz’s Criterion

Coefficient α

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1 0.003 0.005 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.004 0.004 0.004 0.005
2 0.021 0.030 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028 0.030
3 0.022 0.041 0.009 0.012 0.015 0.018 0.022 0.025 0.028 0.031 0.034 0.038 0.041
4 0.009 0.013 0.004 0.005 0.006 0.007 0.008 0.008 0.009 0.010 0.011 0.012 0.013
5 0.020 0.031 0.012 0.014 0.016 0.018 0.019 0.021 0.023 0.025 0.027 0.029 0.031
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.003 0.003 0.003
8 0.008 0.015 0.003 0.004 0.006 0.007 0.009 0.010 0.012 0.013 0.015 0.016 0.017
9 0.011 0.018 0.006 0.008 0.009 0.011 0.013 0.015 0.016 0.018 0.020 0.022 0.024

The optimal values are shown in bold.

The results are similar to those obtained using the decision tree method.
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Figure 8 illustrates Hurwitz’s criterion according to coefficient α for all alternatives. Hurwitz’s
criterion gives the opportunity to investigate the sensitivity of the results.Symmetry 2020, 12, x FOR PEER REVIEW  19 of 24 
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The value of coefficient α has been set between zero and one, with a step of 0.1. The value of
coefficient α = 0 coincides with the minimum values of expected value EVi j. The value of coefficient
α = 1 represents the maximum values of expected value EVi j. The value of α = 0.5 could be taken as
representing a balanced approach. It could be seen that Alternative 3 is the suitable one for most of
the coefficient α values (from 0.26 to 1). Alternative 5 is the best for values of coefficient α from 0 to
0.24. Both alternatives have equal results for value of the coefficient α = 0.25. The results obtained
with Hurwitz’s criterion are similar to those obtained through the decision tree method. On the
basis of the analysis performed, the implementation of Alternative 3 is recommended as the most
acceptable solution.

5. Conclusions

This paper proposes an integrated model for planning railway passenger transport in the case
of uncertainty based on SIMUS, AHP, and decision tree methods. This research introduces a new
paradigm in multi-criteria decision-making

Eight quantitative and qualitative criteria accounting for passenger satisfaction and the capabilities
of the transport company were defined to assess the transport plan. Nine alternatives for the Bulgarian
railway network have been tested. The uncertainty of passenger flow was studied. Pessimistic, realistic,
and optimistic strategies of variation of passenger flow were investigated. An increase or a decrease
of 10% in passenger flow was established on the basis of an analysis of passengers transported for a
ten-year period. This shows the actual state of transport demand and also the practicability of the
obtained results. The SIMUS method based on linear programming was applied to rank the alternatives
of the transport plan for each of the strategies. It was found out that the criteria that impact the ranking
the most are frequency of services, average distance travelled, train’s capacity, frequency of train stops,
and direct operational costs. The twenty-two variants of probability of change in passenger flow under
the respective strategy were studied. Their weights were determined by experts’ assessments using
the AHP method and were applied as input to the decision tree model.
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The best strategy was selected by using the decision tree method. A verification was performed
by comparing the results with Laplace’s criterion and Hurwitz’s criterion. It was found out that
the ranking based on both criteria was similar to that of the decision tree method. The sensitivity
analysis based on Hurwitz’s criterion has been met. It was found out the stability of the choice of
suitable alternative.

The theoretical contributions of this paper are based on the elaboration of the integration of
multi-criteria methods with the decision tree method to account for uncertainty of passenger flow.

The practical contribution of this study involves the determination of a suitable transport plan
(presented by Alternative 3) for the Bulgarian railway network. This alternative offers a transport
plan including express intercity trains, intercity trains, and fast trains. This transport scheme includes
27 routes in the railway network. It was found out that the obtained results for the case of uncertainty
show a reduction in operating costs for the transport plan compared to the one in the case of certainty.

The results could be used to compare different alternatives in the case of various variations in
passenger flow. The proposed integrated approach could be used to investigate some areas or sections
of a railway network and also transport corridors. By applying this elaborated approach, it is possible
to achieve a benefit for passengers and carriers as well as to improve the quality of transport and the
effectiveness of operating costs in the case of uncertainty.

The novelty of this study and its main advantage is the establishment of important objectives for
the ranking; the integration of the SIMUS method and AHP method with the decision tree method is a
complex approach for decision-making in a state of uncertainty. The methodology makes it possible to
study different strategies and variants of variation of passenger flow.

The elaborated integrated approach could serve for making decisions about passenger trains
planning in the case of uncertainty in passenger flow and about route planning; to study additional
routes; to investigate different strategies of passenger flow variation; to make decisions in case of
instability of passenger flow or lack of sufficient travel data.

Future research will expand the scope of the studied strategies of variation of passenger flow;
analyze the uncertainty of passenger traffic on railway sections in case of traffic interruption due to
repair works; investigate other parameters of the transport process under uncertainty, such as the
capacity of trains and implementation of the proposed alternative.
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Bulgaria [project numbers No.КΠ-06-H27/12 of 11.12.2018 “Modelling and elaboration of complex system for
selection of transport technology in transport network”].
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Appendix A

Table A1. Saaty’s scale for pair-wise comparison.

Explanation Intensity of Importance Reciprocal Values

Equal importance 1 1
Moderate importance 3 1/3

Strong importance 5 1/5
Very strong importance 7 1/7

Extreme importance 9 1/9
Average intermediate values 2; 4; 6; 8 1/2; 1/4; 1/6; 1/8
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Table A2. Values of criteria for alternatives. Pessimistic strategy (k = 1).

Criterion i
Alternative, j

1 2 3 4 5 6 7 8 9

C1 trains/day 36 42 38 31 40 35 34 41 37
C2 number 15.36 14.88 15.21 15.94 16.3 15.63 16.32 16.02 15.62
C3 km 327 344 335 350 361 355 335 335 331
C4 km/h 63 64 63 63 63 63 63 62 63
C5 coef. 0.132 0.135 0.134 0.133 0.142 0.132 0.125 0.130 0.124
C6 coef. 1 1 1 1 1 1 0 0 0
C7 seats/day 10,080 8820 10360 8680 8400 9240 9520 8610 9660
C8 EUR/day 24,404 25,672 25,777 22,198 25,664 24,436 23,603 24,806 24,522

Table A3. Values of criteria for alternatives. Optimistic strategy (k = 3).

Criterion i
Alternative, j

1 2 3 4 5 6 7 8 9

C1 trains/day 40 51 42 36 48 41 38 47 40
C2 number 14.85 15.08 14.36 16.21 16.18 15.63 16.23 15.78 15.79
C3 km 339.95 337.22 344.33 349.92 354.33 358.61 335.82 336.11 336.2
C4 km/h 64 64 64 63 63 64 63 63 63
C5 coef. 0.132 0.135 0.134 0.133 0.142 0.132 0.125 0.130 0.124
C6 coef. 1 1 1 1 1 1 0 0 0
C7 seats/day 11,200 10,710 11410 10,080 10,080 10,780 10,640 9870 10,430
C8 EUR/day 27,782 30,751 28,874 25,916 30,257 28,930 26,571 28,473 26,835

Table A4. Normalized efficient results matrix for pessimistic strategy (k = 1).

Objective
Alternative i

1 2 3 4 5 6 7 8 9

Z 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
Z2 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z3 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.02 0.00
Z4 0.55 0.37 0.00 0.00 0.00 0.00 0.00 0.00 0.08
Z5 0.00 0.00 0.00 0.00 0.00 0.00 0.62 0.00 0.38
Z6 0.17 0.00 0.00 0.00 0.83 0.00 0.00 0.00 0.00
Z7 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.02
Z8 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00

SC 0.72 1.37 0.98 1.00 1.82 0.00 0.00 1.02 0.47
PF 2 2 1 1 2 0 1 2 3

NPF 0.25 0.25 0.13 0.13 0.25 0.00 0.13 0.25 0.38
CERMik = SC × NPF 0.18 0.34 0.12 0.13 0.45 0.00 0.08 0.25 0.18

Ranking 4 2 7 6 1 9 8 3 5

SC—sum of all scores in each column, PF—participation factor, or how many times each alternative satisfies each
objective, NPF—normalized participation factor, obtained as a ratio between the PF and total number of objectives;
CERMik —criterion of the ranking; The most important criteria are in bold.

Table A5. Normalized efficient results matrix for optimistic strategy (k = 3).

Objective
Alternative i

1 2 3 4 5 6 7 8 9

Z 1 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z2 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
Z3 0.00 0.00 0.00 0.00 0.98 0.00 0.00 0.00 0.02
Z4 0.06 0.76 0.00 0.00 0.00 0.00 0.18 0.00 0.00
Z5 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.68
Z6 0.00 0.00 0.00 0.30 0.70 0.00 0.00 0.00 0.00
Z7 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00
Z8 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00



Symmetry 2020, 12, 949 21 of 23

Table A5. Cont.

Objective
Alternative i

1 2 3 4 5 6 7 8 9

SC 0.06 2.08 2.00 1.30 1.68 0.00 0.18 0.00 0.70
PF 1 3 2 2 2 0 1 0 2

NPF 0.13 0.38 0.25 0.25 0.25 0.00 0.13 0.00 0.25
CERMik = SC × NPF 0.01 0.78 0.50 0.33 0.42 0.00 0.02 0.00 0.17

Ranking 7 1 2 4 3 8 6 9 5

SC—sum of all scores in each column, PF —participation factor, or how many times each alternative satisfies each
objective, NPF—normalized participation factor, obtained as a ratio between the PF and total number of objectives;
CERMik —criterion of the ranking; The most important criteria are in bold.

Table A6. Expected value for each variant, EVi j.

Alternative i
Variant j

1 2 3 4 5 6 7 8 9 10 11

1 0.005 0.001 0.003 0.003 0.001 0.004 0.002 0.004 0.004 0.003 0.004
2 0.022 0.030 0.024 0.030 0.021 0.014 0.027 0.023 0.029 0.026 0.024
3 0.033 0.039 0.034 0.041 0.023 0.018 0.031 0.027 0.034 0.025 0.024
4 0.009 0.013 0.010 0.013 0.009 0.006 0.011 0.009 0.012 0.011 0.010
5 0.029 0.027 0.028 0.031 0.017 0.018 0.024 0.025 0.029 0.023 0.024
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 0.002 0.001 0.002 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.002
8 0.015 0.010 0.013 0.013 0.005 0.009 0.009 0.012 0.012 0.008 0.010
9 0.017 0.016 0.016 0.018 0.009 0.010 0.013 0.014 0.016 0.012 0.012

Alternative i
Variant j

12 13 14 15 16 17 18 19 20 21 22

1 0.005 0.001 0.003 0.001 0.002 0.003 0.002 0.003 0.001 0.004 0.001
2 0.020 0.017 0.010 0.024 0.021 0.013 0.015 0.012 0.022 0.011 0.021
3 0.020 0.016 0.010 0.023 0.017 0.011 0.012 0.010 0.018 0.009 0.017
4 0.008 0.007 0.004 0.010 0.009 0.005 0.006 0.005 0.009 0.004 0.009
5 0.022 0.013 0.012 0.018 0.017 0.012 0.013 0.013 0.016 0.013 0.014
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
7 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001
8 0.010 0.004 0.006 0.004 0.005 0.005 0.004 0.006 0.004 0.007 0.003
9 0.011 0.007 0.006 0.009 0.008 0.006 0.006 0.006 0.008 0.006 0.007
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