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Abstract: One of the biggest issues in railroad planning and design is determining the optimal
railroad route. After the railroad route variants are determined, the major challenge is to identify and
select the criteria which will be used for the analysis and evaluation of the variants. This paper is
primarily concerned with the evaluation and selection of an optimal railroad route between Rijeka
and Zagreb as part of the Mediterranean Corridor. The large number of criteria used to analyze
solutions makes this decision-making complex. The objectives are usually in conflict with each other,
and there are usually several groups of decision makers involved in the process. The aim of this paper
was to analyze alternative railroad route variants using the optimization method of multi-criteria
analysis. To achieve the research aim, a model comprising the defined criteria and sub-criteria
including their weighting coefficients was set. To perform the analysis, the authors applied the
defined model for evaluation and selection of a railway route between Rijeka and Zagreb using
the PROMETHEE II method for multi-criteria ranking of alternatives and the computer software
“Visual PROMETHEE”. The value of the defined model is expressed by the presented methodology
of multi-criteria optimization, which is used in railroad planning and designing.

Keywords: multi-criteria analysis; railroad planning and designing; railroad route evaluation; railway
line Rijeka-Zagreb

1. Introduction

The national railways in the territory of the Republic of Croatia are currently in a
modernization phase, because a large part of the railway network in the Republic of Croatia
is routes that are important for international traffic. Along these routes there is also a
railway line Rijeka-Zagreb, which is of great importance for the development of the port of
Rijeka. According to the geometric position, the port of Rijeka provides the most convenient
natural route for the Central European countries to the Adriatic Sea, which in turn opens
the way to the Mediterranean Sea, Gibraltar, the Suez Canal, and the Atlantic Ocean to the
Indian Ocean.

In defining the model for evaluation of the railway infrastructure in the territory of the
Republic of Croatia, a multi-criteria analysis was applied to the section Rijeka-Zagreb [1-3]
in order to select the most favorable railroad route connecting the two centers. Then, using
the expert survey method [4], important data was collected, which finally provided the
optimal solution for the selection of a railway route using the analysis method.

The need to apply multi-criteria analysis in the decision-making process for the study
and planning of a transport infrastructure [5] project is due to the characteristics of the in-
frastructure, which are considered a public good, in order to reduce the problems and risks
associated with the development of such projects. The proposed methodology provides a
complete and systematic solution to this problem. The result of the methodology represents
the most appropriate path in accordance with the adopted criteria and existing restrictions.

In order to achieve a functional, safe, integrated, and high-quality urban environment,
it is first necessary to plan the transportation system and develop a spatial and transporta-
tion plan that meets both the current and future requirements [6—8]. The search for a
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suitable railway infrastructure route is a complex process due to the different evaluation
criteria resulting from the social and environmental impacts on society, but also due to the
high costs and technical pressures on decision-makers. Therefore, a solution proposed by
some authors is a multi-criteria approach based on a geographic information system [9-11].

The environmental impact of the route is an essential issue for both road [12] and rail
transport [13], and should be carefully considered before selecting a route. Sustainability
in railway infrastructure is an indispensable component in decision-making owing to the
influence it enjoys in the selection of a concept for further development [14]. In addition to
sustainability, some authors point out [15,16] that the importance of energy conservation is
equally important in sustainable-energy decisions.

Decision-making in planning and designing transportation systems is a complex pro-
cess with social, technical, and economic components [17]. Using an economic evaluation,
the authors determined the optimal route for travel between Lanzhou and Beijing [18]. A
similar study [19] was conducted for the purpose of economic analysis of railroad infras-
tructure. It evaluated the impact of methodological changes in the financial and economic
evaluation of railroad construction projects in the Czech Republic.

In the paper [20], the authors used the method of multi-criteria decision-making for the
selection of the most suitable solution of the railroad route, i.e., [21] for the selection of the
most suitable alternative of the highway route in Serbia. A similar method for selecting the
optimal solution was applied to a concrete example of a railroad project using multi-criteria
analysis [22]. Various methods of multi-criteria decision-making have been shown to be
appropriate as auxiliary options for the decision on the introduction of a new high-speed
train on the Madrid-Valencia route [23].

It is important to consider environmental and geological sustainability criteria in the
planning and design of railroad corridors, as shown by the authors [24] for the territory
of Sweden.

Apart from railroad lines, it is also important to consider the impact of extreme weather
conditions on overhead-line infrastructure, as explained in the papers [25-28]. In addition
to infrastructure, special attention should also be paid to railroad safety related to the
quality of traction of train wheels on the tracks [29,30].

New research trends [31] in rail transport are related to the interaction of pantographs
and overhead routes, i.e., aerodynamics and active control of pantographs. In addition,
contributions address system maintenance, life cycle costs, and reliability [32-35].

The aim of this paper was the analysis of the evaluation and selection of the optimal
railroad route using the multi-criteria analysis method through defined criteria and
sub-criteria.

The research problem of the paper arose from the formulation of several research
questions:

e RQI: How can the optimal selection of the Rijeka-Zagreb railway line be achieved by
applying the multi-criteria analysis method?

e  RQ2: Which are the relevant criteria and sub-criteria for the evaluation and selection
of the railway route?

e  RQB3: Is conducting surveys and interviewing experts a relevant method for determin-
ing the model for evaluating and selecting the optimal railway route?

With respect to the research problem and the defined research questions, the following
scientific hypothesis was set for the evaluation and selection of an optimal railway transport
route so that the multi-criteria analysis method could be applied.

For the selection of the planned railroad route, it is first necessary to define a model
for evaluation comprising appropriate criteria and sub-criteria as well as their coefficient of
importance Then, an analysis of these criteria has to be performed, which can be produced
by a quality selection of the desired outcome using a multi-criteria approach [36,37].

In the article, the multi-criteria analysis, i.e., the PROMETHEE II method for multi-
criteria ranking of alternatives was applied for the evaluation and selection of the Rijeka-
Zagreb railroad route. This method was appropriate for achieving the aim of the paper as it
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applies the model consisting of weighted criteria and sub-criteria, enables the entry of data
regarding the evaluation of each criteria and sub-criteria, and, finally, allows the complete
ranking of railroad route variant solutions.

2. Multi-Criteria Analysis—A Methodological Approach

Multi-criteria decision analysis or multi-criteria decision-making (MCDA/MCDM)
is a branch of operation research models and a well-known field of decision-making.
According to [38], MCDA is “a general term used to describe a range of formal approaches
that attempt to explicitly consider multiple criteria to help individuals or groups make
important decisions.”

Multi-criteria analysis can be defined as a decision model consisting of [39]:

1. A set of decision options (variants are ranked and evaluated by the decision-makers);

2. A set of criteria (containing multidimensional criteria that can only be analyzed and
evaluated in different units);

3. A set of performance measures that define the scores for each decision option in
relation to each criterion.

Problems consisting of different and mostly contradictory criteria can often result
in different meanings for the decision-maker. The methods by which the best solution
is selected most often require information on the importance of the criteria individually.
The assessment of the value of the criteria depends on the decision-maker. Likewise, the
decision might be based on the recommendations of a group of experts from the relevant
field [40].

Deciding on the benefits of certain alternatives usually requires the optimal search for
the best alternative that would meet as many criteria as possible at once. The criteria can be
distinguished according to qualitative and quantitative characteristics, for example, accord-
ing to the price and quality. When assessing the impact on the environment, environmental
indicators can greatly influence the final ranking of criteria, although the general task of
multi-criteria decision-making is classified into individual alternatives [41].

2.1. PROMETHEE Method

Multi-criteria optimization approaches that attempt to rank variants based on the
degree to which certain criteria are met include methods for multi-criteria ranking of
application solutions [39].

J.P. Brans and B. Mareschal [42] developed the PROMETHEE method (preference-
ranking organization approach for enrichment evaluations) for multi-criteria ranking of
variations in 1983, which is one of the most important methods of multi-criteria analysis.
This method is applied to a wide range of decision problems in transportation planning
and design. Behzadian, M. et al. [43] present a list of PROMETHEE-related publications,
research papers, applications, and debates.

The main input of the PROMETHEE method is a matrix that consists of a set of
potential alternatives (actions), A, where each element of A has its own evaluation, f(a). The
PROMETHEE I method allows the partial ranking of variants, where different variants can
have the same rating, which allows for the utilization of certain ranks. The PROMETHEE
II method enables entire ranking, where variants are precisely rated in dependence on the
function of preference [44].

If the decision-maker requires a complete ranking of options, this means that two or
more alternatives cannot have the same rank; each alternative must have its own rank.

For each solution a € A, the net flow is:

¢(a) = ¢ (a) — ¢~ (a), 1)

and for the solution ranking, it could be simply applied that 2 has a higher rank than b:

(ap<2>b) if  ¢(a) > p(b) 2)
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a is indifferent to b

(a1®0) it p(a) =@(b) 3)

According to [45], the PROMETHEE method can be easily understood by decision-
makers and can offer reasonable ranking of all alternatives. Therefore, the method is widely
adopted in energy projects, tourism competitiveness, and transport location selection.

The PROMETHEE II method is often used for traffic-planning and design purposes as
it allows order determination. Based on an accurate data input, this method allows a partial
or complete classification of several variants with respect to a larger number of criteria.

2.2. Methodology-Application of the Multi-Criteria Analysis Method in Traffic Planning

All multi-criteria problems consist of different and conflicting criteria that are of
varying value to the decision maker, although many methods for selecting the best variant
demand facts concerning the relative value of each criterion [40]. The evaluation of the
importance of the criteria is in most cases made by a group of experts.

When deciding on the optimal solution for space-traffic studies, it is necessary to
define the criteria and benchmarks against which the solutions are to be evaluated before
deciding on the best solution. According to different studies [46], the selection of the
optimal solution depends on the economic criteria in the transportation planning process or
decision-making. Therefore, for the overall study of the problems of the transport system,
it is necessary to have access to the simultaneous effect of the various aspects by which the
possibility of valorization is determined.

A similar example is the multi-criteria optimization, which involves the selection of
the optimal solution compared to the simultaneous effect of many different criteria. In
transport planning, the following criteria are considered: economical, technical, planning,
environmental, social, and safety.

The criteria used to decide the routing of internal transport infrastructure are very
complex, so the choice of a complex decision-making task depends on the possibility of
evaluation. Also, the choice of a value scale further complicates the situation by reducing
the results to a common physical quantity.

Ranking individual variants and selecting the optimal solution considering the si-
multaneous effect of several different criteria is made possible by the method of ranking
multi-criteria variants. Ranking of multi-criteria variants simplifies the decision-making
and quantified representation of facts that are crucial for decision-making. Furthermore,
the ranking of multi-criteria plays an important role in deciding where to select the optimal
variant from a set of variants that differ according to the adopted criteria.

3. A Model for the Evaluation and Selection of the Railroad Route

Any transport solution, in addition to general criteria such as costs, environmental
impact, etc., must satisfy specific criteria defined by certain physical characteristics, thus
preventing the creation of a unique universal list of objectives and criteria. The decision-
making methodology for the selection of a railroad route and the description of the multi
-criteria optimization process for the selection and evaluation of a railroad route is illustrated
in Figure 1.
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Figure 1. Scheme of decision-making methodology and multi-criteria railroad route evaluation.

The specifics of the analyzed approach can be expressed more directly by assigning
the respective importance of the criteria or the “weight” of the criteria. The activities in
traffic study include decisions based on a formalized matrix of the weight of criteria. This
matrix of the importance of criteria is the result of a thought process that presents a limited
range depending on the innovative skills of the planner to analyze all the relevant aspects
of the problem. Traffic study variant solutions are achieved through decisions in which
the public and the broadest socio-political structure are directly involved. Therefore, it is
necessary to examine the position in the hierarchy of criteria and objectives, while at the
same time clearly defining the social advantage of the importance of the defined criteria.



Appl. Sci. 2022,12, 1306

60of 17

Since the effectiveness of the chosen criteria determines the quality of the implemented
selection method for the optimal version of the railroad route and the accuracy of the final
choice, it is crucial that the criteria and measurements for performing the optimization are
well defined. Experts should be involved in the definition of the criteria to ensure that
the weighting coefficient, i.e., the relevance of the criteria, is not subject to a subjective
approach [47].

The procedures for the assessment of the criteria for the evaluation and selection of
the railroad route distinguish two categories of criteria:

e A group of criteria that are evaluated based on concrete, exact, and quantitatively
expressed data,

e A group of criteria that are evaluated based on the subjective opinions of researchers
who are assumed and required to have sufficient knowledge of the problems and
criteria they will evaluate.

In order to create a model for the evaluation and selection of the railroad route,
the criteria and sub-criteria were defined, and their evaluation was made by assigning
weighting coefficients. The selection of the criteria and sub-criteria and the weighting of
their importance was based on interviews with numerous experts and professionals in the
field of transport planning and design. The method of multi-criteria analysis was applied
to make the selection of the optimal choice of the desired route as high-quality as possible.

The criteria for the assessment and selection of railway routes were divided into five
groups, which in turn were subdivided into less complex components or sub-criteria for
the evaluation and selection of railway routes. By breaking down the criteria into simpler
components, a better process of ranking variants according to several criteria is achieved.
In addition, it is possible to analyze the results and draw conclusions about the evaluation
of specific routes. Table 1 shows a model for the selection of the railroad route, which
contains criteria and sub-criteria for the evaluation with the weighting coefficients assigned
to them, which were necessary for further evaluation.

Table 1. Criteria and sub-criteria for evaluation and selection of a railroad route.

Sub-Criteria

Criteria (%)

Full Name Value

Costs of route construction 26%

Costs of maintenance 13%

E . 219 Costs of management 17%
conomic ?  Influence of the land depreciation of the local population 16%
Development of tourism in the zone of influence 11%

Development of economic activities in the region 17%

Integration into the city railway system 6%

Integration into the intermodal traffic system 9%

Proximity of passenger aprons with regard to other

traffic terminals 6%
Transport 27% Route position at the facilities 7%
Route length 13%
Capacity of railway line 16%
Train-journey duration 13%
Transport reliability and speed 11%
Transport safety 19%
Technical-technological complexity of the construction of 35%
. the route

Construc.tlonal— 12% Terrain geology and seismology 17%

technical Passing of the route through infrastruct
assing of the route through common infrastructure 7%

corridors (yes/no)
Availability of land or free space 21%
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Table 1. Cont.
Sub-Criteria
Criteria (%)
Full Name Value
Visual landscape impact 22%
Damage to the relief and possibilities of recovery 10%
Attracting other activities that endanger the geomorphological 9%
Urban ., features of the area
planning 18% Impact on the development of the potential in urban planning 14%
Deviation of the route from the aviation line 6%
Space limitations 15%
Spatial units’ preservation and land taking 13%
The layout occupancy of the land area of variant solutions 11%
Environmental impact 15%
Spatial impact 8%
Noise impact 7%
Vibration impact 5%
Influence of meteorological conditions 4%
E . Impact of the route on the water and soil pollution 7%
cological- o ) L o
sociological 22% Conservation res.trlctlons . 600
Impact on the wider community 7%
Protected parts of nature and cultural heritage 9%
Protected areas and habitat (ecological network) 11%
Influence on the population 9%
Distance from tourism zones 6%
Distance from populated areas 6%

The importance of the sub-criteria were compared, and the weighting coefficients
were normalized so that their sum was 100%. In addition, the weighting coefficients of the
sub-criteria within a thematic group of criteria were normalized so that the sum within
each group of criteria was 100%.

The defined model for the evaluation and selection of the railroad route was ap-
plied to create a ranking list of railroad variants for the construction of the Rijeka-Zagreb
railroad route.

4. Application of the PROMETHEE Multi-Criteria Method for the Evaluation and
Selection of the Railroad Route Rijeka-Zagreb as Part of the Mediterranean Corridor

For the connection of central Croatia, Gorski Kotar, and the northern littoral, the main
railway line, i.e., the national railway line Rijeka-Zagreb-Botovo, plays a significant role,
which was also perceived by the European Commission as this route was categorized as a
part of the priority Axis 3 of the TEN-T transport network. This route connects the port of
Rijeka with central and eastern Europe including the southern section of the Baltic-Adriatic
Route and has been evaluated as part of the former transversal Vb corridor.

A multi-criteria ranking of variants as well as the method PROMETHEE II and the
computer software “Visual PROMETHEE” for multi-criteria optimization were used for
the selection of the railroad route that would connect the stations of Rijeka, Zagreb, and
Botovo on the border between Croatia and Hungary.

Analysis of the application of the multi-criteria method for the evaluation and se-
lection of the railway route was carried out in several stages, which proceeded in the
following order:

Identification of variant solutions for the railway route;

Evaluation of individual variants according to the established criteria and sub-criteria;
Estimation and ranking of variants;

Selection of the optimal variant.

For the analysis of potential route corridors of the railway route Rijeka-Zagreb, several
variants stood out among the route corridors. By identification alternative routes of the



Appl. Sci. 2022,12, 1306

8of 17

railway line, four solutions were selected for the ranking of variants by multi-criteria
analysis. Technical parameters and elements were defined according to the Feasibility
Study Modernization and Construction of State Border-Botovo-Zagreb-Rijeka Railway
Transport Corridor and Transport Technical Designing Project Vb Corridor-State Border-
Botovo-Zagreb-Hrvatski Leskovac-Krasica-Rijeka [48].

Each variant selected for multi-criteria analysis was described by the criteria, sub-
criteria, and weighting coefficient. Applying the computer software, an optimal railroad
route between Rijeka and Zagreb was selected. As input data the importance sets of the
criteria and sub-criteria determined by surveys and the values of the parameters of the
corresponding sub-criteria for the four selected variants were used.

4.1. Analysis of Alternative Railroad Route Variants—Optimization Model and Evaluation

According to the Feasibility Study Modernization and Construction of State Border-
Botovo-Zagreb-Rijeka Railway Transport Corridor, several variants of the railway route
Zagreb (Hrvatski Leskovac)-Rijeka (Krasica) were considered [49]. The route was divided
into three sections:

Section 1: Hrvatski Leskovac station-Belaj station;
Section 2: Belaj station-Skradnik station;
Section 3: Skradnik station-Krasica station.

From Hrvatski Leskovac to Skradnik, four variants were analyzed, i.e., three basic
and one transitional variant (Figure 2): variant 1, variant 2, variant 3, and variant 4, as a
transitional variant (representing the transition from variant 3 to variant 1).

Karlovaogy 9

WR2000893

2 .
Novi Vinodols!

Figure 2. A clear overview of the analyzed railroad route variants [49].

The railway route from Hrvatski Leskovac (120.3 m above sea level) to Skradnik
(143.6 m above sea level) is slightly ascending with long sections that are horizontal, with
the largest inclinations of the track axis of 8 mm/m (on the shorter part in the length of
1575 m in the inclination of 10.7 mm/m). The relevant resistance is up to 12.5 daN/t. In
the opposite direction, from Skradnik to Hrvatski Leskovac, the railway line is descending,
with a smaller ascent of 8§ mm/m on shorter sections (2180-2400 m). The corresponding
resistance in the opposite direction is up to 10 daN/t. A shorter ascent can be overcome by
train travel and inertia, i.e., by reducing the travel speed on these sections.

From Skradnik to Krasica, three basic variants were elaborated: Variant A, Variant B,
and Variant C. This area is an extremely challenging one in terms of ecology, relief, and
geology, and in terms of other segments. Therefore, in terms of transport infrastructure,
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this area is, at the same time, a strategic area of the state, which ensures the passage of large
infrastructures between northern, central, and southern Croatia. From Skradnik to Krasica
station, the railway is very demanding in terms of construction and exploitation, as the
facilities contain 51,292 m and 76.56% of the route.

The railway route from Skradnik to Dreznica has an ascent of 8 mm/m (on a shorter
section of 972 m a gradient of 11.7 mm/m). In this part there are two tunnels, one (Veljun)
2860 m and the other (Kapela 1) 9300 m long. The line is mostly stretched with a curve of
6500 m in radius. Considering the resistance of the train due to the passage through the
tunnel, the relevant resistance of the line is up to 14 daN/t. From DreZnica (470 m above
sea level) to Krasica (183 m above sea level) the line has a continuous gradient of 8 mm/m
(except for the station area where it is horizontal or has a decline of 1 mm/m).

Combining all the above variants, ten variants for the construction of the railway route
from Rijeka (Krasica) to Zagreb (Hrvatski Leskovac) are obtained. The following variants
were selected for the multi-criteria ranking of variants: 1A, 1C, 2A, and 3B.

The length of the railway route according to Variant 1A is 151.6 km (section: Hrvatski
Leskovac-Skradnik 81.9 km, Skradnik-Krasica 69.7 km). For Section A of the railway route
(Skradnik-Krasica) the construction of a double-track railway is envisaged along the line
descending nearest to the sea. On some sections of the planned corridor of the Variant 1A
it is not possible to provide the necessary technical elements of the route for high speeds
because of the ground plan and elevation elements, so it is necessary to deviate from the
planned corridors. Moreover, at some sections of the route high technical and economical
requirements are envisaged. From a transportation point of view, variant 1A on the route
from Skradnik to Krasica is the most acceptable option, as it runs nearest to the sea. From
this route, the shortest branch of the future railroad leads to the island of Krk, where the
construction of a new container terminal is planned.

Figure 3 shows that Variant 1C differs from variant 1A on the part of the route from
the DreZnica station to the Krasica station and at the junction of the new railway line with
the island of Krk. In variant 1C it is necessary to build a new railway line from Krasica
to Krk, and in variant 1A, the railway line to Krk is separated from the route of the new
railway between the stations of Jadranovo and Krasica. The length of the route according
to variant 1C is 150.1 km (section: Hrvatski Leskovac-Skradnik, 81.9 km; Skradnik-Krasica,
68.2 km).

Variant 2A involves the construction of a second track along the existing line from
Horvati to the connection with the new route in the Belaj area (the route is double-tracked
through Karlovac to the connection with a new line of the Belaj-Skradnik double-tracked
railway route). From Belaj, the route is identical to the route of the railway in variant
1A. The length of the railway according to variant 2A is 152.5 km (section: Hrvatski
Leskovac-Skradnik, 81.9 km; Skradnik-Krasica, 68.2 km).

The length of the route according to variant 3B is 149.1 km (section: Hrvatski Leskovac-
Skradnik 80.7 km; Skradnik-Krasica 68.4 km). Variant 3B meets the required technical
elements, but during the review of technical and geological characteristics of the terrain,
very unfavorable technical and geological areas were found in the area of the northern
slopes of the Vinodol Valley. It is an area comprising many landslides, and unstable for
building. In addition, the influences from the point of view of environmental protection
(demolition of some old houses, blacksmiths, difficulties with noise protection, etc.) are
also unfavorable.
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Figure 3. An overview of variant 1C [50].

The critical section of the existing railroad line route is located between Moravice
and Rijeka, on the part of the railroad route in the mountains, where it features very
unfavorable elements (slope of the route 25-28 mm/m, curves 250-300 m). The problem
is to be solved by building a lowland railway from Horvati to Krasica. The part of the
new route from Skradnik to Krasica currently solves the problem of crossing the mountain
range located between the Adriatic Sea and the interior of the country. The part of the route
from Horvati to Skradnik significantly improves the route elements in comparison with
the existing routes and at the same time enables the improvement, in the future, of the
railroad connection to Lika and Central Dalmatia (Split, Sibenik, Zadar, and Ploce). The
construction of a new route according to variant 1C solves the problem of penetration of the
mountain range to the sea. All the three variants considered are suitable for this purpose,
yet the variant C seems to be the most favorable one.

As presented in Table 2 the economic criteria C1, C2, and C3 as well as the transport
criteria C11 are expressed quantitatively [48-50]. For criteria C5, C6, C7, C8, and C18, the
units of the yes/no criteria were applied, while for the eco-sociological criteria C28, C33,
(36, and C37, the input parameters were from GIS (Geographic Information System), which
was developed specifically for this multi-criteria analysis. Other criteria were assigned
their respective parameters according to the rating scale from 0 to 10. A corresponding
object function, i.e., its minimum and maximum, was also assigned to each criterion.
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Table 2. Criteria evaluation for variant solutions.

SUB-CRITERIA Unit/ Variant
CRITERIA (%) . .
Mark Object Function 1A 1C 2A 3B
C1 Mil I.EUR 4756 4732 4766 4796
Min
C2 000 EUR 20,586 20,185 20,697 20,901
Min
C3 000 EUR 7073 7056 7080 7097
Economic 21% Min
Grade
C4 Min 6 5 6 5
C5 Yes/No N N N N
Max
C6 Yes/No Y Y Y Y
Max
c7 Yes/No Y Y Y Y
Max
C8 Yes/No Y Y Y Y
Max
Rating
C9 Min 7 4 7 5
C10 Rﬁ?ng 7 4 7 6
Transport 27% K mn
C11 m 151.6 150.1 152.5 149.1
Min
Grade
Ci12 Min 5 5 5 5
Grade
C13 Min 3 6 5 6
Grade
Cl4 Min 3 6 5 6
Grade
C15 Min 6 5 6 5
Rating
Cl6 Min 7 6 7 8
c17 Grade 7 6 8 7
Constructional-technical 12% Min
ons - o
C18 Yes/No Y N Y N
Max
Rating
C19 Min 6 4 5 7
Rating
C20 Min 5 7 5 6
Grade
C21 Min 5 8 5 5
Rating
Cc22 Min 6 5 6 7
C23 Grade 4 6 4 5
Urban planning 18% Min
Grade
C24 Min 5 5 5 5
Rating
C25 Min 5 8 5 4
Grade
C26 Min 4 7 5 6
c27 Rating 6 6 7 7

Min
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Table 2. Cont.

SUB-CRITERIA Unit/ Variant
CRITERIA (%) . .
Mark Object Function 1A 1C 2A 3B
C28 m 15,676 12,333 16,043 17,342
min
Grade
C29 Min 6 3 7 6
Rating
C30 Min 4 5 6 4
Rating
C31 Min 4 5 4 3
Grade
C32 Min 4 5 4 6
C33 m 16,387 11,378 17,111 17,645
min
Ecological-sociological 22% C34 Rating 7 3 7 7
Min
C35 Rating 7 313 8 7
Min
C36 m 13,797 9788 13,544 14,878
min
C37 Grade 12,494 10,467 13,138 11,979
Min
Rating
C38 Min 6 4 7 7
Grade
C39 Min 5 4 5 5
Rating
C40 Min 7 4 6 6

The economic criteria C1, C2, and C3 were used in accordance with the estimated
financial resources [48]. Regarding railway infrastructure, the most cost-effective option is
variant 1C because it requires the construction of the fewest structures. The most expensive
option for the construction of the rail infrastructure and future costs of maintenance and
management is the Variant 3B.

Regarding criteria C21 and C22, it should be noted that variants 1A and 2A mostly
pass through agricultural and forest areas. Variant 1C has the advantage for connecting the
railway line Rijeka-Zagreb to the system of Croatian railroads, i.e., the railway line towards
the Dalmatia region. Variants 1A, 2A, and 3B are technically and technologically highly
complex with a large number of structures, viaducts and tunnels. The extremely difficult
technical requirements for the connection to an open rail route would lead to higher capital
expenditures, which increases the values of the economic criteria and thus disadvantages
variant 3B compared to the other variants. Furthermore, according to the study evaluation,
it has been accepted that variants 1A, 2A and 3B are unacceptable from an environmental
point of view.

4.2. Results—Selection of an Optimal Railroad Route

For the evaluation and selection of the optimal railroad connection between Rijeka
and Zagreb from the four proposed variants, the values of the criteria defined in the
earlier chapter were imported into the computer program “Visual PROMETHEE” for multi-
criteria optimization. The values for the importance of criteria and sub-criteria analyzed
and appraised by experts were also entered into the software.

Two different scenarios for multi-criteria ranking of variants were developed. For the
first scenario, the weighting coefficients of the criteria defined in the model presented in
Chapter 3 were used, while the second scenario gave more importance to the planning
criteria. Therefore, for the second scenario, higher weight coefficients were assigned to the
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urban planning criteria, so that their weight coefficient was 30%. In addition, for economic
criteria an importance of 19% was assigned; for transportation criteria, an importance
of 25%; for constructional-technical criteria, a weight of 10%; and for environmental-
sociological criteria, a weight of 16%.

The PROMETHEE I method for multi-criteria analysis brings the calculated Phi values,
i.e., input (—) and output (+) flows or correlation of supremacy of particular pairs of actions.
In addition, the optimization method of PROMETHEE II provides the final ranking of
variants based on the calculation of the net value of Phi.

Figure 4 shows the resulting values for each variant and its positive and negative
value of Phi. The studied variants are arranged in order:

Rank action Phi Phi+ Phi-
1 Variant 1C 0,0920 0,4335 0,3415
2 Variant 2A . 0,0431 0,3541 0,3050
3 Variant 1A -0,0435 0,3078 0,3515
4  Variant 36 -0,0571 0,2806 0,3773

Figure 4. An overview of the result of Scenario 1 of the multi-criteria analysis of the evaluation of the
Rijeka-Zagreb railroad route section.

Variant 1C, with the value of net flow of 0.0920 is the optimal selection;

Variant 2A, with the value of net flow of 0.0491 is the second-ranked alternative;
Variants 1A and 3B have a decidedly negative net flux.

Variants 1C and 2A should be given priority consideration when choosing a railroad
route. However, the final option will be determined by the decision-makers and the
goals set.

The best outcome of variant 1C results from the better values of the ecological-
sociological and economic criteria. In terms of some urban-planning criteria, Variant
2A is the best choice, but it has a significant negative influence on eco-sociological criteria.
Variant 1A is technically more complex and less suitable for the selection, having many
shortcomings-great technical complexity of construction, challenging terrain geology and
seismology, and a significant total length of tunnels and viaducts.

Variant 3B is also unacceptable for environmental and financial reasons, as it has the
highest projected capital and operating costs and is, in fact, the least suitable for selection.
Indeed, this variant was intended to avoid critical situations in the planning corridor, which
would mean moving the route further north between Ledenice and Krasica. However, this
would take the route into a very unfavorable geological area or into a protected area of the
cultural heritage of the Vinodol Valley.

Figure 5 illustrates a clear interpretation of multi-criteria analysis in the GAIA (“Ge-
ometrical Analysis for Interactive Aid”) “u, v” plane, which includes both variants and
criteria. The grouping of criteria or variants indicates the similarity of their numerical
values, while the dispersion indicates their diversity.
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Figure 5. An overview of the result of the Scenario 1 of the multi-criteria analysis in the GAIA plane.

Figure 6 shows the results of the numerical values for each variant used to rank
Scenario 2 and illustrates the importance of the urban-planning criteria. The values of the
net flows for the first two variants, Variant 1C and Variant 2A, result in the same order as
when Scenario 1 was processed. The results show that variant 1C has indeed increased
its dominance over the other variants. The obtained results show that Variant 1A has
decreased its value and that the value of Variant 3B is nearly equal to the result of its net
flow in Scenario 1.

ij PROMETHEE Flow Table - O x

Rank action Phi Phi+ Phi-
1 |Variant 1C 0,2125 0,4914 0,2789
2 Variant 2A [ | -0,0048 0,3169 0,3217
3 Variant 38 -0,1027 0,2732 0,3758
4 Variant 1A ] -0,1050 0,2596 0,3746

Figure 6. An overview of the result of scenario 2 of the multi-criteria analysis of the evaluation of the

Rijeka—Zagreb route section.

Although Scenario 2 has no impact on the ranking of the alternatives, Figure 7 illus-
trates how the ranking shifts as the value of the constructional-technical criteria varies. The
sensitivity analysis shows the lowest limit (or range) within which the weighting of the
criterion may be modified without altering the criteria’s established ranking. The weight
stability period (WSI), or the weighing interval in which the ranking does not vary, is
between 0 and 24%.
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Figure 7. Sensitivity analysis of the constructional-technical criteria.

The most relevant variant from an environmental point of view is Variant 1C. Although
this variant is the most demanding concerning urban planning criteria and has also very
high technical requirements, it has the least negative impact on the environment and is
therefore the most optimistic solution for implementation. The railway route from Skradnik
to Krasica runs through the mountainous area of Velika and Mala Kapela. In order to meet
the specified parameters, one smaller and four larger tunnels will have to be built, as well
as a few viaducts, bridges, etc., which will have a significant impact on the increase in
investment costs.

Variant 1A is not acceptable for several reasons. Firstly, it does not meet the required
technical elements, as it requires extremely large and technologically very complex con-
struction facilities and, secondly, the corridor has a negative impact on the environment.

5. Conclusions

The research problem discussed in this paper is elaborated using the multi-criteria
analysis as an optimization method which involves the application of many criteria and
solutions to obtain more reliable results in the decision-making process.

The model for the evaluation and selection of the railroad route consisting of the
defined criteria and sub-criteria and their weighting coefficients, respectively, has been
developed. Many specialists, planners, and designers in the field of railroad transportation
planning have analyzed and reviewed the criteria and sub-criteria, assigning the corre-
sponding weighting coefficients. The evaluation and selection of the railroad route between
Rijeka and Zagreb was carried out by applying the multi-criteria optimization ranking of
variants, more precisely using the method PROMETHEE II, which confirms the hypothesis
set in the introduction of this article.

The need for the use of multi-criteria analysis was demonstrated by the successful
test of the defined model. The results support the importance of using the multi-criteria
analysis method in decision-making for space-traffic studies, as it clarifies the research
problem and leads to appropriate answers to the research questions posed.

Further research will aim to improve the model by including more relevant criteria that
will increase the accuracy of the result. In addition, a more detailed survey for a defined
model will be performed as part of the evaluation of criteria and sub-criteria, including a
larger number of respondents than the conducted survey. The update of the model will
increase the quality of the multi-criteria analysis, i.e., it will provide a more accurate result
in evaluating and selecting the optimal solution for the tested railroad route.
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