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Abstract: The choice of the most appropriate sustainable scheme for the organization of
tram transportation in cities is of great importance for tram operators, for users of trans-
portation services, and for the protection of the environment from harmful emissions. This
study aims to propose a methodology for formulating a tram transportation plan consid-
ering technological, environmental, economic, and social indicators. The variant schemes
represent the routes of a tram in the tram network. The methodology includes four stages.
The first stage involves the determination of variant schemes for a transportation plan of
service with trams. In the second stage, a two-step optimization model is proposed to
determine the number and trams by types for each tram route for each variant scheme,
and also to establish the distribution of trams by depots. The third stage includes ranking
the variant schemes by applying the sequential interactive model for urban systems (SI-
MUS) multi-criteria method. Eleven quantitative and qualitative criteria for evaluating the
tram transportation plan were introduced. A verification of the results is performed in the
fourth stage. For this purpose, a comparison of the preference ranking organization
method for enrichment of evaluations (PROMETHEE) method and the technique for or-
der of preference by similarity to ideal solution (TOPSIS) method is made. Both methods
have different approaches for decision making and differ from the SIMUS method. Two
strategies were proposed to determine the criteria weights. One is based on the Shannon
entropy method and the other uses the objective weights obtained through the SIMUS
method. Finally, in the fifth stage, the results obtained through the SIMUS, PROMEHEE
and TOPSIS methods are combined using the expected value obtained by applying the
program evaluation and review technique method (PERT). The proposed methodology
was applied to study tram transportation in Sofia, Bulgaria. Five variant schemes were
considered. The schemes are optimized through the criterion of minimum energy con-
sumption. The number of trams by routes and by type was determined. An improved
scheme for tram transportation in Sofia was proposed. The scheme makes it possible to
increase the frequency of the trams by 13%, to reduce the zero mileage of rolling stock,
and to reduce carbon dioxide pollution by 11%.
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1. Introduction

The sustainability of transportation depends on the implementation of convenient,
regular, safe and secure, energy-efficient, and environmentally friendly carriage. Tram
transportation is one of the main means of public transportation in cities around the
world. It is environmentally friendly because it uses electrical energy and has a large car-
rying capacity, which makes it useful for society. The growing importance of sustainable
transportation development in cities with tram transportation has created a need for sci-
entific methods for assessing transportation services. Despite extensive discussion in the
scientific community, there is no general model for their measurement. The aim of this
study is to present a methodological approach for determining the most suitable sustain-
able tram transportation scheme.

On a tram network, the tram transportation plan includes the tram routes, number
of trams, and the type of trams on each route. A tram route is the organization of move-
ment between the first stop and the final stop. Tram scheme planning is related to drawing
up a timetable, tram rolling stock planning, crew scheduling, and other operational pa-
rameters. The assessment of the limiting conditions of the tram infrastructure is important
for changes in the tram route scheme, as failure to comply with the capacity of the sections
of the tram network would lead to tram congestion, failure to keep to the timetable, low
speed and, as a result, service degradation.

The tram transportation scheme has to meet the current transportation needs of the
population in order to make public transportation attractive to citizens. An important task
for tram transportation in the cities is to determine the optimal scheme for the movement
of trams. This is a multi-component task, as the capabilities of the carrier and the needs of
citizens for transportation must be considered. The quantity and condition of tram rolling
stock is of particular importance for any transportation system. It is of particular im-
portance that trams are serviceable and safe. It is also important for passengers that they
are clean, comfortable, air-conditioned, and accessible.

The hypothesis of this research is that the choice of a tram transportation plan de-
pends on different quantitative and qualitative criteria. It is necessary to evaluate and
compare different alternative schemes of tram service routes in order to be able to choose
the most appropriate one. This could help the tram operator to make decisions about the
improvement of the tram transportation service in the city.

This paper aims to expand scientific knowledge on the selection of a tram transpor-
tation scheme.

The focus of this study is to solve the following problems:

e  Optimization of the parameters of the transportation plan with respect to the number
and the type of trams for each route, and the distribution of trams by depots.

e  Assessment of the tram transportation schemes based on different multi-criteria ap-
proaches considering the quantitative and qualitative criteria important for the car-
rier and the passengers.

e Choosing the most appropriate tram transportation scheme taking into account the
ranking produced by using the different multi-criteria approaches.

The present study aims to propose an integrated approach, based on optimization
methods and multi-criteria analysis, for the development of a transportation plan for tram
services in cities that considers the capabilities of tram operators and the needs of passen-
gers.

Two-step optimization was applied. Nonlinear optimization was used to determine
the number of trams of various types to serve each tram scheme based on an optimization
criterion. In this study, energy consumption was used as an optimization criterion. Linear
optimization was applied for location of the different types of trams to depots. Multi-
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criteria analysis was applied for ranking the variant schemes and for choosing the most
appropriate one.

The advantages of the integration of the optimization methods and multi-criteria
analysis for evaluating a tram transportation plan can be summarized as follows:

e  The variant schemes of the tram transportation plan, pre-optimized according to the
criterion of minimum electricity consumption, are compared. On the one hand, this
criterion is directly related to the pollution of the environment with carbon dioxide
in the production of electricity; on the other hand, it is related to the operational costs
of traffic management. Thus, environmental and economic benefits are considered in
the optimization criterion.

e  Additional quantitative and qualitative criteria are defined for the optimized variant
schemes, including technological, environmental, economic, and social indicators.

e  The choice of the most appropriate tram variant scheme is performed based on the
complex impact of all the defined criteria.

e The aggregation of multi-criteria methods, such as SIMUS, PROMETHEE, and TOP-
SIS, makes it possible to consider three different types of ranking. The first is based
on linear optimization, the second uses outranking, and the third is a distance-based
approach.

The contributions of this paper to scientific knowledge and to practice can be sum-
marized as follows:

(1) A two-step optimization for a tram transportation scheme was proposed. It includes
anonlinear optimization model based on energy consumption to determine the num-
ber and type of trams in the tram transportation scheme, and a linear model for the
distribution of trams by depots.

(2) This methodology includes integration between a two-stage optimization model and
multi-criteria analysis. This allows for the selection of the most appropriate, opti-
mized tram transportation scheme taking into account both quantitative and quali-
tative criteria. An aggregation approach is proposed, based on three multi-criteria
methods—SIMUS, PROMETHEE, and TOPSIS.

This paper is structured in five sections. The first section is the introduction. The sec-
ond section presents a review of the literature. The third section introduces the materials
and methods where the novel integrated nonlinear optimization-multi-criteria analysis
approach is explained. The fourth section presents the results obtained for the case of the
Sofia tram network by applying the new methodology. The obtained results are discussed
and the advantages of the new methodology are presented in the fifth section. The con-
clusions are presented at the end of the paper.

2. Literature Review

Tram transportation has been studied in terms of its efficiency, tram routes, rolling
stock, timetable, and organization in various works. The authors have applied the meth-
ods of multi-criteria analysis to perform their research.

In [1], the authors investigated the specifics of tram transportation in the Czech Re-
public, France, Germany, Hungary, Poland, and Turkey. The following criteria for as-
sessing the characteristics of tram transportation were proposed: comfort of travel, relia-
bility, durability, safety, traction-operational characteristics, operational costs, price, en-
vironmental friendliness, utility, and functionality. The research was carried out using the
elimination and choice translating reality (ELECTRE) III/IV and the analytic hierarchy
process (AHP) methods.

The efficiency of tram transportation in an urban transportation system was studied
in [2]. Based on the literature analysis, the authors determined six criteria for an
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assessment of the efficiency of a tram route. They studied traffic safety, economic feasibil-
ity, security, exploitation by citizens, accessibility, and environmental preservation. The
AHP method and GIS approach were applied to evaluate the criteria and to determine
their weights. The methodology was applied for an urban transportation system in Setif,
Algeria.

An integrated multi-criteria approach based on the use of the evaluation based on
distance from the average solution (EDAS) method and the criteria importance through
inter-criteria correlation (CRITIC) method were elaborated on in [3]. The methodology
was applied for determining trams and metro vehicles. The author proposed 22 criteria to
assess urban rail vehicles operating in a public transportation system. The model was ap-
plied for ranking 10 tram types in Turkey. It was found that the most important criteria
are maximum grade slopes, emissions (COz), and the number of seats.

A linear optimization model for a tram timetable was developed in [4]. The minimi-
zation of the travel time of the tram and the utility of the signal priority were chosen as
criteria for optimization.

A methodology for determining the best tram route was elaborated on in [5]. The
authors established six main criteria for assessment of tram routes, such as accessibility,
safety, economy, environment, population density and trips, and security. The methodol-
ogy was applied for the tram system in city of Ramadi in Iraq. Four tram routes were
investigated and ranked by using GIS and multi-criteria analysis.

In [6], the authors investigated the possibility of developing an urban line without a
catenary. The study was made for Brescia, Italy. It discussed the use of batteries and the
main parameters of the new technology.

Tram rolling stock in Poland was analyzed in [7]. The authors calculated the energy
consumption for different types of trams in Warsaw.

New types of sustainable energy trams were studied in [8]. The authors studied trams
with different energy sources.

In [9], the authors examined the impact of the number of passengers and the fre-
quency of the trams on the operational cost of the trams.

A multi-objective optimization model based on energy consumption of trams was
elaborated on in [10]. The model was tested for the Haizhu tramway in Guangzhou China.

In [11], the best and worst method (BWM) and the power Heronian weighted aggre-
gated sum product assessment method (WASPAS’PH) were used for selecting tram vehi-
cles. The authors studied fourteen types of tramcars. The tramcars were ranked by using
seventeen criteria selected through a literature review of previous studies. It was found
that the cost per tram, the number of seats in a vehicle, and energy consumption are im-
portant criteria for choosing the type of tramcar.

In [12], the AHP method and grey relationship analysis (GRA) were used for tram-
way selection in Turkey. The authors assessed eight alternative tramway cars based on
criteria related to technical parameters, such as length of the vehicle, height, empty
weight, number of doors, maximum speed, capacity, and comfort. Multi-objective optimi-
zation based on ratio analysis (MOORA) was used to verify the results.

In [13], the AHP and ELECTRE III/IV multi-criteria methods were applied to assess
the tram systems in the city of Gorzéw in Poland. The authors proposed social, technical,
economic, and environmental criteria to assess tram systems.

Alternatives for an urban transportation system including trams were presented in
[14]. The authors proposed and evaluated criteria, such as effectiveness of fleet use, travel
time, environmental friendliness, integration and reliability, safety and security, availa-
bility, and investment costs. The AHP and ELECTRE III methods were applied to assess
the criteria and rank the alternatives. The Polish city of Krakow was the object of study.
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Tram stops were examined with respect to safety and functionality in [15]. The au-
thors identified the criteria, which included equipment and technical parameters. The cri-
teria were assessed by experts using a rating scale defined by authors. Three groups of
criteria according to the impact of functionality and safety were defined.

Multi-criteria analysis was used for transportation mode selection in a traffic corridor
of Wroctaw, Poland [16]. Six alternatives for transportation by trams and buses were stud-
ied. The alternatives were assessed using criteria, such as time, comfort, accessibility to
the stop, and cost of rolling stock. The authors applied ELECTRE III/IV and AHP to make
decisions.

In [17], the authors studied transportation risks with buses and trams in Gdansk, Po-
land. The sources of hazards for accidents were determined.

Tram vehicles selected from a worldwide market were analyzed with their main tech-
nical parameters in [18].

Tram transportation in Wroctaw, Poland was analyzed in [19]. Changes in the organ-
ization of traffic in order to carry out reconstruction of the network were considered.

Tram catenary-free systems were studied in [20]. The authors used microsimulations.
Three scenarios of tramway systems were studied using cost-benefit analysis.

In [21], simulations were made to investigate different scenarios of traffic priority for
trams at intersections in Warsaw, Poland. The authors found that traffic light priority af-
fected electricity consumption, time, and pollutant emissions.

In [22], the authors produced an optimization model to determine energy-efficient
tram speed considering the impact of traffic lights.

In [23], the tram network and tram routes in Melbourne were analyzed by using Lo-
renz curves and accounting for the volume of passengers, length, and link speed.

On the basis of previous research, it can be said that the most used criteria for the
evaluation of tram services were operating costs [1,5,12,20], comfort of travel [1,12,16],
environmental friendliness [1,2,5,14], emissions (CO2) [3,21], number of seats [3,11], en-
ergy consumption [7,10,11,21], and travel time [4,14,16,22,23]. Different methods of multi-
criteria analysis were used. The AHP [1,2,12-14,16], CRITIC [3], and BWM [11] methods
were applied to assess the criteria, while the AHP [2], ELECTRE [1,13,14,16], EDAS [3],
WASPASPH [11], CRA [12], and MOORA [12] methods were used to analyze tram ser-
vices. Some authors used mathematics optimization, such as linear programming [4], and
metaheuristics, such as PSO [10], to study tram service.

In previous studies, however, the methods of optimization and multi-criteria analy-
sis, used for choosing the most appropriate scheme of tram transport, were not integrated.
This study proposes an innovative approach that combines optimization of tram service
by type and number of trams and their distribution by depot, with multi-criteria analysis
for selecting the most appropriate tram route scheme, considering both quantitative and
qualitative criteria. This approach makes it possible to compare pre-optimized tram trans-
portation schemes and choose the most appropriate scheme.

This paper differs from previous studies in the methodology allowing us to optimize
the variant schemes of tram transportation on the basis of energy consumption, and to
rank them on the basis of quantitative and qualitative criteria related to the transportation
process by using multi-criteria analysis and an aggregative approach.

3. Materials and Methods
The methodology of this study includes the following steps (Figure 1):

e  Stage 1. Determine variant schemes of a transportation plan of service with trams.
The variant schemes represent the routes of the tram in the tram network.

e  Stage 2. Two-step optimization model. This stage includes two optimization models:
(1) optimization of the tram transportation plan depending on the number and types
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of trams for each tram route for each variant scheme; (2) optimization of the distri-
bution of trams by depots for each optimized variant scheme considering the number
and types of trams:

o  Step 1. Optimize the tram transportation plan using the nonlinear generalized
reduced gradient method (GRG). In this step a nonlinear optimization model for
minimizing energy consumption is proposed.

o  Step 2. Optimize the distribution of trams by depots using linear programming
methods.

Stage 3. Multi-criteria analysis for ranking variant schemes. This stage covers the fol-

lowing steps:

o Step 1. Form the parameters of the multi-criteria model. This step determines
the quantitative and qualitative criteria for evaluating the variant schemes and
compiling the decision matrix. The parameters of the decision matrix are deter-
mined on the basis of the results obtained in Stage 2.

o  Step 2. Rank the variant schemes using the SIMUS multi-criteria method.

Stage 4. Verification. It is carried out by making a comparison with the use of other

multi-criteria analysis methods. This study proposed the PROMETHEE and TOPSIS

methods for verification of the results. Both methods have different approaches for
decision making and differ from the SIMUS method. PROMETHEE is an outranking
method, whereas TOPSIS is a distance-based method. Both methods require setting
criteria weights. Two approaches are proposed to determine the weights. The first
approach uses the Shannon entropy method. It is an objective method that is based
on information from the data used. The second approach uses the objective weights
obtained through the SIMUS method. The following verification options were cre-
ated: (1) PROMETHEE-Shannon entropy; (2) TOPSIS-Shannon entropy; (3) PROME-

THEE-SIMUS objectives; (4) TOPSIS-SIMUS objectives.

Stage 4 includes the following steps:

o  Step 1. Determination of the criteria weights using the Shannon entropy method.

o  Step 2. PROMETHEE-Shannon entropy approach for ranking variant schemes.

o  Step 3. TOPSIS-Shannon entropy approach for ranking variant schemes.

o  Step 4. PROMETHEE-SIMUS objectives weights for ranking variant schemes.

o  Step 5. TOPSIS-SIMUS objectives weights for ranking variant schemes.
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Figure 1. Scheme of methodology.

e  Stage 5. Aggregation. Finally, the results obtained by means of the SIMUS, PROME-
HEE, and TOPSIS methods are combined using the expected values obtained by us-
ing the program evaluation and review technique (PERT) method. It uses three esti-
mates corresponding to the three methods considered. Thus, the three studied meth-
ods are combined in a general assessment.

The main advantages of the proposed multi-criteria methods are as follows:
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(1) The SIMUS method is based on linear optimization; it is not a subjective method;
it does not apply weights of the criteria; it permits us to evaluate the sensitivity of input
data.

(2) The PROMETHEE method uses a preference function for each criterion; two flows
and net flow for each alternative are calculated, which represents the preferences between
alternatives; the calculation process is simple; it is a popular outranking method for deci-
sion making.

(3) The TOPSIS method has simple mathematics; it is a popular destination-based
method for decision making.

Both the PROMETHEE and TOPSIS methods require that the weights of the criteria
be set. For this purpose, this research proposes an integration between the Shannon en-
tropy method and each of the proposed methods.

3.1. Stage 1. Determination of Variant Schemes of a Tram Transportation Plan

The tram transportation plan includes the routes in the tram network. The routes
depend on the tram infrastructure. At this stage, the variant schemes are drawn up. The
variant schemes differ according to the tram service routes, the number of routes, and the
number of trams passing through the routes in the tram network.

3.2. Stage 2. Two Step Optimization Model

3.2.1. Step 1. Optimizing the Tram Transportation Plan Using the Nonlinear Generalized
Reduced Gradient (GRG) Method

In this stage, for each variant scheme a nonlinear optimization model is applied to
determine the number and types of trams for each tram route. The optimization criterion
is minimum energy consumption for peak period. Determining the number of tram ser-
vices based on electricity consumption is important as it is directly related to ecology,
since carbon dioxide emissions are released during the production of electricity.

For each variant scheme an optimization model is compiled. The goal is to minimize
energy consumption for each variant scheme.

Zo=YR ¥V wy. L. k}:;“ — min, kWh per day, 1)
where: Z; is the energy consumption for variant scheme s ; kg, is the number of trams
of type u, running on route r, inscheme s; s =1,...,S is the number of variant schemes;
u=1,..,U is the number of tram types; r = 1, ...,R is the number of tram routes; kg, is
the total number of trams of any type, running on route r, variant scheme s; w, is the
energy consumption of type u trams (kWh/km); L, is the daily running distance (both
directions) for route r of scheme s (km).

The unknown values in the nonlinear optimization model are the number of trams
of type u, running on route r, in scheme s (k).

The daily running distance (both directions) Lg, for route r of scheme s is deter-
mined as follows:

Lsy = lsr-dgr, km, 2)

where: [, is the distance (both directions) of route r of scheme s (km); dg, isthe num-
ber of daily departures of trams on route r of scheme s.
The number of daily departures on route r of scheme s is determined as follows:

dgr = Zg=1 dsrgr 3)
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where: dg., —number of departures on route r of scheme s during period g (e.g.,
morning peak) of the day.
tgksr
dsrg = gtsr g (4)

where: t; is the duration of the period g (e.g., for morning peak: 06:30-09:30, 180 min);
kg4 is the number of trams of any type, running on route r in scheme s during period
g; tsr is the duration of the route (both directions) (min).

The number of trams of any type, running on route r in scheme s during period g
is determined as follows:

ksrg = Csrg-Ksr, ©®)

where: kg, is the total number of trams of any type, running on route 7, in scheme s;
Csrg 1s an adjustment factor for the period g on route 7, in scheme s.

sr = Zg=1 ke grus (6)

Since the optimization was performed for an hour in a peak period with the highest
passenger load, an adjustment factor is applied to obtain results for another period of the
day:

I

e @

Csrg = max 0(1 rg)

where: Isr/g is the value for the passenger flow on route r of variant scheme s at time g
of the day on a weekday (w) or holiday (h) day, taken by the average value of passenger
flows by hour. In the case of a missing route, the value of the passenger flow is selected
for a route in the active tram scheme, which to a great extent coincides with the r-th route
in the s-th variant scheme.

The methodology consists of the following restrictive conditions.

1. Number of trams. This number must be a non-negative integer number:
ksru € Z; ks 20, @®)

2. Infrastructure capacity. The total number of trams on route r of scheme s should
be within the specified limits based on infrastructure capacity and operational inter-
vals:

ksru € Z; ks 2 9)

The maximum and the minimum number of trams on a route r of variant scheme s
depends on the intervals between trams.
tsr . tsr

kmin sr— 7 (10)

fmax sr

kmax sr = Fimsr’
where: Ky sr 1S the maximum number of trams on route r of scheme s; ki, s is the
minimum number of trams on route r of scheme s; fiin s is the minimum interval for
running trams onroute r of variant scheme s (min); f,4xsr is the maximum interval for
running trams on route r of variant scheme s (min); ts, is the duration for one turn on
every route r of variant scheme s (min).

The maximum interval f,,, s is determined in relation to the set goals for service
quality.
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The minimum interval f,;, s+ is determined according to the number of tram routes
serving a section and the intersections with switches.
The tram network has the following limiting conditions regarding capacity:

e  Traffic lights at intersections without tram signaling —the trams run cyclically over a
period of time.

e  Trafficlights at intersections with tram signals —the tram cycle for separate tram traf-
fic directions over a period of time.

e  Availability of single or double stops in close proximity to intersections—in certain
situations, the throughput determined by the traffic light can be changed.

e  Crossing signals—they provide distance between trams.

e  Single-track sections—they require that trams wait on a busy section.

These limiting conditions have a direct impact on the capacity of individual sections,
respectively, on the minimum possible movement intervals.
The minimum interval f,,;, s is determined as follows:

frminsr = max (max,’f=1 (fm"’;%) ;maxi_, (%)) ,min, (11)
where: k =1,...,K is the number of sections; i = 1, ...,I is the number of intersections
with tram switches; j = 1,...,] is the number of directions in the intersection; ry; is the
number of tram routes in section k for s variant scheme; 75 = 1is the number of sec-
tions where the tram route is independent; ry;; is the number of routes passing through
the intersection i in direction j; fi,inx iS the minimum interval in section k for s vari-
ant scheme; fp,;,;; is the minimum interval for j- direction in intersection i.

The first part of Equation (11) shows the minimum interval according to tram routes
in a section. The second part of Equation (11) represents the minimum interval when the
route passes through intersections with tram switches. The minimum interval f;, s is
determined on the basis of the larger value of the two minimum intervals given in Equa-
tion (11).

3. Passenger demand. The capacity of the tram must meet the needs of passenger flow.

R
r=1u

where: p, is passenger capacity on u type trams (pass.); I, is the maximum passenger

U
ksruk -Pu = Ihk' (12)
1

flow intensity in section k (pass./h); k = 1,...,K is the number of sections.
4. Availability. Transportation must perform with the available rolling stock of trams.

YR 1 kgry < K, —the total number of trams of type u, used in scheme s must be less
than or equal to the available number of such trams (K,).

The presented optimization model is nonlinear. The generalized reduced gradient
(GRG) method is one of the most popular methods for solving problems of nonlinear op-
timization [24,25]. It was proposed in [24]. This research uses the GRG nonlinear solver in
Excel, which is an optimization algorithm used to find the maximum or minimum of a
function subject to constraints.

3.2.2. Step 2. Optimization of the Distribution of Trams by Depots Using the Linear Pro-
gramming Method

The optimal number and type of trams for each route for each variant scheme is de-
termined after performing the optimization according to the nonlinear model. A second
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optimization is carried out for the distribution of trams by depots. The main criterion is
the mileage of the tram from the depot to its inclusion in the route, called “zero mileage”.
For each variant scheme a linear optimization model is compiled. The goal is to min-
imize the total tram zero mileage included in the routes.
The objective function F; for each variant scheme s is determined from the results
obtained from the nonlinear optimization model about the tram routes

F, = 22=1 YR -1 lgrs- Ngrs = min, km, (13)

where: l;,¢ is the tram zero mileage for getting to r route in s variant scheme from de-
pot q (km); ng.s is the number of trams serving r route in s variant scheme from de-
pot q; ¢ =1,...,Q isthenumber of tram depots; r = 1,...,r is the number of tram routes
in s variant scheme.

The following restrictive conditions are set:

Q

Z Ngrs = ars, 4 = 1,...,Q, (14)
q=1

i.e., the number of trams delivered from the depots should be equal to the number of trams

serving each r route in s variant scheme.

YR aNgrs S bgs, T =1,..,R, (15)

where: a,; is the number of trams serving r routein s variant scheme; b, is the tram
in depot q in s variant scheme.

Ngrs = 0, Ngps is integer. (16)

Condition (14) means that the number of trams delivered from the depots should be
equal to the number of trams serving each r route.

Condition (15) means that the number of trams operating on a given route served by
the g depot is less than or equal to the depot capacity.

Condition (16) means that the number of trams has to be positive and also an integer.

The optimization model presented herein is linear and can be solved through linear
programming. This research uses the Simplex algorithm solver in Excel, which is a linear
optimization algorithm used to find the maximum or minimum of a function subject to
constraints.

3.3. Stage 3. Multi-Criteria Analysis for Ranking Variant Schemes

The selection of an appropriate variant scheme is carried out through a multi-criteria
analysis. For this purpose, the results obtained from the two-step optimization model pre-
sented in Stage 2 are applied.

3.3.1. Step 1. Forming the Parameters of the Multi-Criteria Model

On the basis of the literature review, it was found that the following criteria for eval-
uating the tram routes are most commonly used: operating costs, comfort of travel, envi-
ronmental friendliness, emissions (COz), seat number, energy consumption, and travel
time. In this study, the criteria for assessment of the variant schemes are proposed taking
into account the indicators used in previous research as well as an analysis of tram organ-
ization.

The criteria are as follows:

e  (Cl—run per hour peak period (km). This indicator represents satisfying the needs of
passengers of tram transportation during peak hours.
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e  (2—annual run (km). This indicator represents satisfying the needs of passengers of
tram transportation during the year.

e  (3—transportation capacity (number of seats for the year). This indicator represents
the need of tram transportation for passengers.

e (4—average travel time of a course (min). This indicator is a measure of the time
spent travelling between the start and end stop of the tram route.

e  (5—zero tram mileage to include in the route (km). The value of this criterion is de-
termined by the results obtained from the linear optimization model for each variant
scheme.

e  (C6—intensity (number of trams/day). This criterion represents the service level of
tram transportation.

e  (7—average travel distance (km). This criterion represents the capability of the tram
operator to offer different routes in the city in the transportation plan.

e  (8—transportation costs (euro/year). This criterion is an economic assessment of
tram transportation.

e  (9—percentage of kilometers covered by low-floor trams. This indicator is a measure
of the comfort offered during travel in the city.

e  (C10—percentage of kilometers traveled by trams equipped with air conditioning.
This indicator is a measure of the comfort offered during travel in the city.

e  (11—carbon dioxide emissions, CO2 (kgCO2e/kWh). The value of this criterion is de-
termined based on results for electricity consumption received by means of the non-
linear optimization model.

Criteria C1-C7 are technological criteria. Criterion €8 is an economic criterion. Cri-
teria C9 and C10 are social criteria related to travel comfort. Criterion €11 is an ecolog-
ical criterion.

The values of the criteria are determined for each variant scheme after performing
the two-step optimization in Stage 2.

Transportation costs (C8) are determined based on the annual run for each variant
scheme and the costs per kilometer run as follows:

€8s = (250. 32 (k¥ g. 1) + 115. 321 (k2. Lsy))- Piem» €uro/year (17)

where: k;vr/g" is the number of tram cars on the route r of variant scheme s attime g of
the day on a weekday (w) or holiday (h) day; 250 and 115 are the average number of
weekdays and holidays, respectively, in the year; py,, is the transportation cost per kilo-
meter run (euro/km):

The values of the number of tram cars k“/" are determined based on the results ob-

srg

tained in Stage 2.
The values of the carbon dioxide emissions (C11) criterion for each variant scheme
are determined based on the data for the greenhouse gas emission intensity of electricity

generation for each EU country [26].
Clly = Z;.c9% s =1, ..., S, KgCOs, (18)

where: Z; is the energy consumption for each variant scheme (KWh/day); ¢¢?? is CO:z
emission intensity (kgCO:/kWh) from public electricity production. ¢€? = 0.455
kgCO2/kWh for Bulgaria [26].

The results of the criteria values for each variant scheme are used to form the decision
matrix (Xg;) ser Of the multi-criteria model; s =1, ...,S is the number of variant schemes;
t=1,..,T is the number of criteria.

The decision matrix provides the input data for conducting a multi-criteria analysis
and ranking of the variant schemes.



Sustainability 2025, 17, 543

13 of 29

3.3.2. Step 2. Ranking Variant Schemes by Applying the SIMUS Multi-Criteria Method

This study uses the SIMUS method for ranking the variant schemes of the tram trans-
portation plan. This method is based on linear programming, and it does not use weights
of criteria or experts’ assessments [27]. The procedure of the SIMUS method is presented
in [27]. Itis necessary for each criterion to set the type of optimization —maximum or min-
imum. The criteria are presented in the rows of the decision matrix, the variant schemes
are given in the columns. Decision matrix normalization is performed by summing the
values of the rows. Another method of normalization could also be used. Linear optimi-
zation models are compiled for each of the criteria by applying the normalized matrix. For
this purpose, the row with criterion is considered as an objective function, and the other
rows are taken as restrictive conditions. The elements of the right-hand side (RHS) of the
restrictive conditions are determined according to the maximum normalized value of the
row when the optimization is maximum; in the case of minimum optimization, the mini-
mum value of the row is used. The number of criteria is equal to the number of optimiza-
tion linear models. The scores of each alternative are determined as results of optimiza-
tions. They form an efficient result matrix (ERM), which has to be normalized. The nor-
malized efficient result matrix (NERM) is used to rank alternatives based on the weighted
sum method.

The weights of w; objectives can be determined by using the results from the rows of
the NERM.

max NERM;
W= o, (19)
‘ ?:1 NERMts
T
0<w, <1, we =1, (20)
t=1

where: t = 1,...,T isthe number of criteria; s = 1, ...,S is the number of variant schemes.
Thus, after performing the optimizations, the importance of each criterion can be de-

termined, if necessary. This makes the SIMUS method different from other multi-criteria

methods that use criteria weights as input information to perform ranking procedures.

3.4. Stage 4. Verification

The verification is carried out by making a comparison with the use of other methods
of multi-criteria analysis. This study proposes the use of the PROMETHEE and TOPSIS
methods for verification of the results. The first is an outranking method, the second is a
distance-based method. Both methods require setting the criteria weights. This study pro-
poses two approaches for the application of both multi-criteria methods. The first ap-
proach employs Shannon entropy. The second approach uses the objective weights ob-
tained through the SIMUS method. Both approaches are non-subjective. The Shannon en-
tropy method is based on the information entropy for each criterion. The SIMUS method
makes it possible to determine the objective weights as the result of linear optimizations,
as was noted above.

The following variants of verification were deployed:

e  PROMETHEE-Shannon entropy. In this case, the weights of criteria are determined
by means of the Shannon entropy method. The ranking is obtained using the PRO-
METHEE method.

e  TOPSIS-Shannon entropy. In this case, the weights of criteria are determined by
means of the Shannon entropy method. The ranking is obtained using the TOPSIS
method.
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e PROMETHEE-SIMUS objectives. In this case, the weights of criteria are equal to the
weights of objectives determined by using the SIMUS method. The ranking is ob-
tained through the PROMETHEE method.

e TOPSIS-SIMUS objectives. In this case, the weights of criteria are equal to the weights
of objectives determined by using the SIMUS method. The ranking is obtained using
the TOPSIS method.

3.4.1. Shannon Entropy Method

Shannon entropy is a non-subjective method for determining criteria weights. It is
based on the information entropy for each criterion.
The information entropy is determined as follows [28]:

s
—M,OSE}SL (21)

E, =
t InS

where: E; is the information entropy; t is the number of criteria, t = 1,...,T; p;; is the
normalized values of decision matrix (Xs)syr; s is the number of alternatives, s =1, ...S.
The normalized values pg; are calculated as follows:

ot Z§=1 Xse'
The weights of the criteria according to Shannon entropy are as follows:
1-E
E _ t
WY =S oo 23
FTELA-E) )

3.4.2. PROMETHEE Method

The PROMETHEE method is an outranking method of multi-criteria analysis [29-
31]. The type of optimization (maximum or minimum) and the preference function is set
for each criterion. The method uses six types of preference functions. It uses pre-set criteria
weights.

The methodology of the PROMETHEE method includes the calculation of the posi-
tive and negative outranking flow for each alternative.

The net outranking flow ¢(a,) of alternative a; is determined as the difference be-
tween the positive outranking flow and the negative outranking flow.

<p(as) = <p+(as) - (p_(as) ;s=1,..,8 (24)

where: ¢*(a,) is the positive outranking flow for alternative as; ¢~ (a;) is the negative
outranking flow for alternative as; s =1,...,S is the number of alternatives (variant
schemes).

For the net outranking flow to be valid:

S
#(as) € [=1; 11; ) p(ag) =0 3)

The ranking of the alternatives is based on the maximum value of the net outranking
flows.

3.4.3. TOPSIS Method

The TOPSIS method is a distance based multi-criteria approach [32,33]. It uses pre-
set criteria weights.



Sustainability 2025, 17, 543

15 of 29

The alternatives are ranked on the basis of the highest performance score. It depends
on two distances: the shortest geometric distance from the positive ideal solution and the
farthest geometric distance from the negative ideal solution.

The performance score is determined as follows:

C,=—2—-0<C<1 (26)

D +Dy

Df = Etz1(Wst = V)% ; D5 =\ Xima (Vs — v)? (27)

T
Vst = Tst-We Z we=1 w € {0,1}, (28)
t=1
_ xst _ I
rst_?'s—1,...,S,t—1;---1T' (29)
s=1Xst

where: D} is the Euclidean distance from the ideal best solution; Dy is the Euclidean dis-
tance from the ideal worst solution; v;" = min v, is the ideal best solution; v; = maxvg,
S S

is the ideal worst solution; ry; are the elements of the normalized matrix; w, are the
weights of the criteria.

3.5. Stage 5. Aggregation

Finaly, the results obtained through the SIMUS, PROMEHEE, and TOPSIS methods
are aggregated using the PERT method. Thus, the results of all those methods are com-
bined and the ranking of the variant schemes is obtained.

The aggregation procedure includes the following steps:

Step 1: Determination of the normalization scores of each variant of multi-criteria
assessment.

SCq,

NSy =5~
¥ g:lscsv

(30)
where: S, isthe score of s variantschemeby v multi-criteria assessment; s =1, ...,S is
the number of alternatives (variant schemes); v =1, ...,V is the number of variants of
multi-criteria assessment.

It is necessary for the scores of the multi-criteria assessments to be positive:

SC,, =0, (31)

The PROMETHEE method has positive and negative values of the net outranking
flows, which are the scores of multi-criteria assessments. For this reason, a transformation
is carried out in order to determine the normalized scores, as follows:

plas)" =B+ ¢as); s=1,..,5, (32)

where: f§ is the correction parameter; @(s) is the net outranking flow for s variant
scheme.

B = integer [msax <p(as)]. (33)

Step 2. The PERT (program evaluation and review technique) method to determine
the expected value

The PERT method uses three scores—optimistic, pessimistic, and most likely [34].

The aggregation value for each variant scheme is determined by applying the ex-
pected value used in the PERT method as follows:
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$h=15C
\4

. SV
mVlnSCW+4- +m1§;1xSCS,, (34)

PERT,= :

The best variant scheme is determined on the basis of the maximum value of the

PERT assessment. Thus, the results of all examined multi-criteria approaches are consid-

ered in the final assessment.

4. Results

This study is addressed to the tram transportation in Sofia city, the capital of Bulgaria.

The peculiarities of tram transportation in Sofia can be summarized as follows:

In the city of Sofia, two autonomous tram networks operate with different gauges—
standard (1435 mm) and narrow gauge (1009 mm). Currently, the total length of the
network is over 75 km (150 km single track), there are around 340 stops, 3 operating
tram depots, and over 300 trams. The network is served by 15 routes, 12 of which are
on lines with a narrow gauge and 3 are on lines with a standard gauge.

The tram network in Sofia is served by tram rolling stock of different types. The nar-
row-gauge tram network is served by modernized and reconstructed trams manu-
factured at the former tram factory in Sofia, second-hand trams manufactured in
Switzerland, trams produced in the Czech Republic, and new trams delivered from
Poland (Pesa Swing- PESA Bydgoszcz SA.). Trams produced in the Czech Republic
and Germany run along the standard tram network. The different types of trams are
assigned to different depots. In addition, the zero mileage (the distance that trams
travel from the depots to the end route and back) is not rationally distributed.

The current tram route scheme in Sofia has not been updated for decades. The possi-
bilities of compiling diverse tram route schemes are limited due to the specificities of
tram transportation regarding infrastructure limitations. The studied variant
schemes were developed entirely on the basis of the current situation with the tram
infrastructure (railway, catenary network, and technical and turnover points) and
rolling stock. Optimization of the transportation scheme for the trams would im-
prove the overall public transportation service and increase revenue.

This research was carried out under the following limitations:

Three types of trams rolling stock are considered: Pesa Swing (PT), single tram cars
(ST), and double-articulated tram cars (AT). The first type refers to new trams that
have operated on Sofia tram networks since 2020, when they were delivered from
Poland. They run along the narrow-gauge tram network. The last two types include
modernized and reconstructed trams manufactured at the former tram factory in So-
fia, second-hand trams manufactured in Switzerland, and trams produced in the
Czech Republic.

The day is divided into the following periods: morning peak (MP), off-peak periods
during the day (DP), evening peak (EP), and late evening (NP).

The total intervals (when duplicating tram lines) in peak hours should not exceed 8
min—otherwise the line would be unattractive; the intervals on any line at peak
hours should not be more than 10 min for the same reason.

The passenger flows were determined on the basis of a census in the month of May
2023. Passenger flows are used in the compilation of the variant schemes, as they
show the most congested and least congested sections of the network, as well as the
change in passenger flows when passing from section to section.

This study does not include a determination of the number of drivers required to
operate the tramcars.
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e  All types of trams that are united in the group of single trams have the same con-
sumption of electricity (kWh/km). The same applies to the group of articulated trams.

4.1. Stage 1. Determination of Variant Schemes of a Tram Transportation Plan

The variant schemes of organization of tram routes were produced by analyzing the
passenger flows in sections of the tram network. Passenger flows were determined on the
basis of passenger counts for each tram line by hour in the month of May 2023. Based on
the results, a model of the passenger load by sections for the tram network for the month
of May for an hour of the peak period was built. The sections are between the turning
points and intersections. The tram infrastructure is conditionally divided into six main
directions that have diversions. Thus, the total number of directions is 20; the number of
sections is 48. The greater value of the passenger flow for both directions for the respective
sections is considered. The scheme is presented in Figure 2. The scheme for passenger flow
loads shows very clearly the busiest and least busy sections of the tram network. It is used
to analyze and compile the variant schemes. The values of passenger flows are part of the
restrictive conditions of the nonlinear optimization model.
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Figure 2. Passenger flows by sections per hour for peak period.

When developing the variants, the results of the passenger flow and analysis of tram
traffic through intersections with traffic lights and signals affecting tram traffic were con-
sidered. The following assumptions were made:

e  The total intervals (with duplication of lines) in peak hours should not exceed 8
min —otherwise the line would be unattractive.

¢ Intervals on any tram line at peak hour should not be longer than 10 min for the same
reason.

° In areas where there is regular tram service, it is advisable not to disturb it.

e  The tram service in the districts and on main boulevards in the city is classified as
insufficient and good. Service is insufficient when the service interval of tram trans-
portation is over 10 min. The long waiting time makes tram transportation unattrac-
tive.
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e  Each tram line should have a turnaround point where there is an opportunity for
breaks for the Whatmans from the tram line.

Five tram transportation schemes, which differ slightly in the tram routes, have been
considered. Figure 3 illustrates the variant schemes.

by

ﬂ\J

=

Scheme 3 Scheme 4

Scheme 5

Figure 3. Tram transportation variant schemes.

e Scheme 1. The tram routes are as is in the existing tram scheme.
e  Scheme 2-Scheme 5. There are changes in the routes of tram lines 1, 4, 8, 10, 11, 12,
21, and 23 compared to the existing scheme. Scheme 2 and Scheme 3 do not include
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tram route 27 or tram route 10. Scheme 4 and Scheme 5 do not have tram route 21 or
tram route 10. In Scheme 4, compared to Scheme 5, there are no tram lines 1 or 3.
Tram route 11 in these schemes is of a different length; tram route 1, tram route 8,
and tram route 23 are with changed lengths compared to the current situation.

The tram routes are shown in different colors. The number of tram lines corresponds
to the actual tram lines in Sofia. When drawing up the variant schemes, the passenger
flows in the tram network, infrastructure limitations, and duplication of tram routes in
the final sections of the tram lines are considered.

4.2. Stage 2. Two Step Optimization Model
4.2.1. Nonlinear Optimization Model

The first step of the two-step optimization model includes an optimization of the
tram transportation plan in view of the number and types of trams for each tram route for
each variant scheme. For each k section of the tram network, the theoretical minimum
intervals were calculated by applying Equation (11) in order to determine the parameters
of the optimization model. Table 1 shows the values of the minimum and maximum in-
tervals, as well as the values of the determined intervals as a result of the optimization for
each variant scheme. The results for the correction coefficients by periods of the day are
shown in Table 2.

Table 1. Minimum intervals and maximum intervals obtained by the optimization model.

Tram Route

Interval
1 3 4 5 6 7 8 10 11 12 18 20 21 22 23 27
min 8 6 6 6 8 8 4 4 6 6 6 3 5 3 10 8
max 10 8 10 8 8 10 8 8 8 8 10 8 10 8 25 10
Scheme 1 10 75 10 79 8 88 75 8 8 77 93 77 - 68 25 86
Scheme 2 77 75 10 69 8 9 8 - 7 77 93 8 94 68 10 -
Scheme 3 77 82 10 79 8 9 8 - 8 77 93 8 94 64 10 -
Scheme 4 - - 10 8 8 8.2 8 - 7 77 77 8 - 5 10 79
Scheme 5 77 8.2 9 7.9 8 9 8 - 8 77 7.7 8 - 64 10 79
Table 2. Correction coefficients by periods of the day.
Scheme Period Tram Route
1 3 4 5 6 7 8 10 11 12 18 20 21 22 23 27
MP 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Correction DP 0.67 0.75 071 0.67 0.67 0.63 082 0.82 060 078 0.80 1.00 0.80 0.80 0.75 0.63
coefficlent EP  1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
NP 033 033 043 033 033 025 032 032 025 033 036 049 030 030 0.30 0.23

Figure 4 illustrates the values of the optimization function for each variant scheme —

the energy consumption for a day.
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Figure 4. Energy consumption for a day.

Table 3 shows the results of the nonlinear optimization model —the number of trams
by type for each route for peak periods. Scheme 4 has the least number of trams in peak
periods. It could be seen that Scheme 5 has the minimum value for energy consumption.
The number of trams for the other periods of the day were determined by correction co-
efficients according to Equation (7).

Table 3. Number of trams by type and route for peak period.

Tram Route

Scheme 1

Scheme 2 Scheme 3 Scheme 4 Scheme 5

ST AT PT Total ST AT PT Total ST AT PT Total ST AT PT Total ST AT PT Total

1 7 0 0 7 0 0 9 9 9 0 O 9 - - - - 0 0 9 9
3 4 1 7 12 0 0 11 11 11 0 O 11 - - - 0 0 11 11
4 o 0 100 10 O O0 100 10 O O0 10 10 O 0 10 10 0 0 11 1
5 3 0 4 7 5 0 3 8 0o 0 7 7 4 0 8 5 0 2 7
6 9 0 6 15 14 0 1 5 0 o0 15 15 12 1 2 15 15 0 O 15
7 0o o0 11 1 0 1 9 0 o o0 10 10 0 0 1 11 0 0 10 10
8 7 0 3 10 16 0 2 18 16 0 2 18 12 1 5 18 18 0 0 18
10 0 4 11 15 - - - - - - - - - - - - - -
11 14 0 O 14 11 0 1 12 0 0 10 10 11 1 O 12 9 0 1 10
12 12 0 1 13 4 0 9 13 13 0 0 13 13 0 0 13 2 0 11 13
18 0 4 3 7 6 0 1 7 7 0 0 7 0 5 7 7 0 0 7
27 o o0 117 11®@ o0 1 11 12 0 o0 12 12 1 0 11 12 0 0 12 12
20 15 0 0 15 14 0 O 14 14 0 O 14 14 0 O 14 14 0 O 14
21 - - - - 9 0 0 9 9 0 0 9 - - - - 9
22 16 1 0 17 16 1 O 17 18 0 O 18 23 0 0 23 18 0 O 18
23 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0 2
Total 87 12 67 166 95 5 67 167 97 2 66 165 92 5 48 145 88 2 67 157

Pesa Swing (PT), single tram cars (ST), and double-articulated tram cars (AT).

4.2.2. Linear Optimization Model

The second step of the two-step optimization model includes optimization of the dis-
tribution of trams by depots for each optimized variant scheme according to the number
and types of trams. There are three tram depots serving the tram network in Sofia: tram
depot “Krasna Poliana” (Depot K), tram depot “Banishora” (Depot B), and tram depot
“Iskar”. As noted above, there are two types of tram networks in Sofia, narrow-gauge and
standard. Tram depot “Iskar” is specialized for servicing trams with standard gauge. The
other two depots only serve narrow-gauge trams. This research deals with the



Sustainability 2025, 17, 543

21 of 29

optimization of tram rolling stock distribution for narrow-gauge trams. Table 4 shows the
tram zero mileage.

Table 4. Tram zero mileage by depots.

Tram Route 1 3 4 5 6 7 8 10 11 12 18 27

Scheme 1 DepotK, km 5.3 2.3 2.8 2.8 0.7 4.7 2.2 2.2 0 4.7 4.6 4.7
Depot B, km 1.2 1.4 1.9 3.1 0.7 0.7 2 2 0 0.7 1.9 0.7

Scheme 2-5 DepotK, km 2.2 2.3 2.8 2.8 0.7 4.7 2.2 2.2 0 4.7 4.6 4.7
Depot B, km 2 14 1.2 3.1 0.7 0.7 2 2 0 0.7 1.9 0.7

Table 5 shows the results of the linear optimization models for each variant scheme.
It can be seen that Scheme 3 has the minimum (zero) mileage. Scheme 5, which is optimal
in terms of the criterion minimum energy consumption, holds the second position regard-
ing this criterion. The last row in Table 5 shows tram zero mileage for the year, considering
the number of the trams on the routes.

Table 5. Tram zero mileage by variant schemes.

Scheme Current 1 2 3 4 5
Tram mileage (km) 216 164 153 150 154 152
Tram mileage (km/year) 184,285 128,062 114,069 118,913 114,169 119,013

4.3. Stage 3. Multi-Criteria Analysis for Ranking Variant Schemes

The results of the two-step optimization for each variant scheme were used to form
a decision matrix for the multi-criteria model. In this stage the SIMUS method was used
for ranking the variant schemes. Table 6 shows the criteria values for each variant scheme.
The last column of the table shows the type of optimization for each criterion. The decision
matrix is normalized by applying the sum of the row method. Table 7 shows the normal-
ized decision matrix. The last columns of the table give the type of operator and the right-
hand side of the restrictive conditions. Table 8 is the basis for constructing the linear opti-
mization models. The number of optimization models is equal to the number of criteria.
For example, when the first row is taken as an optimization function, the other rows show
the restrictive conditions. The results of the linear optimization are given in an efficient
results matrix (ERM) (Table 8). Table 8 consists of the efficient results matrix (ERM) and
the value of the objective function (LHS) received through the SIMUS optimization. The
objective is satisfied 100% when there is equality of the LHS and RHS. In the other cases,
the results have to be analyzed.

Table 6. Initial Decision Matrix with the SIMUS method.

Criteria Dimension Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5 Type
C1 km 2030 2023 1971 2009 1885 min
C2 km 9,960,364 9,862,495 9,688,950 9,762,590 9,278,747 min
C3 seats/day 33,327,813 34,828,227 33,852,137 34,300,828 32,963,862 max
Cc4 min 1045 1019 1008 961 981 min
C5 km 164 153 150 154 152 min
Cé6 trams/day 166 167 165 145 157 max
c7 km 164.24 162.66 161.52 163.52 162.31 max
8 euro/year 46,343,144 45,887,785 45,080,322 45,422,949 43,171,749 min
C9 coef. 0.43 0.38 0.41 0.40 0.39 max

C10 coef. 0.39 0.37 0.41 0.38 0.39 max
C11 kgCO2¢/kWh 46,350 44,376 43,519 44,133 41,527 min
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Table 7. Normalized Decision Matrix.
Criteria/ Alternatives T o ¢ RHS Val-
Targets Scheme 1 Scheme2 Scheme3 Scheme4 Schemeb5 ype perator ues
C1 0.20 0.20 0.20 0.20 0.19 min > 0.19
C2 0.21 0.20 0.20 0.20 0.19 min > 0.19
C3 0.20 0.21 0.20 0.20 0.19 max < 0.21
C4 0.21 0.20 0.20 0.19 0.20 min > 0.19
C5 0.21 0.20 0.19 0.20 0.20 min > 0.19
C6 0.20 0.20 0.20 0.20 0.19 max < 0.20
Cc7 0.20 0.20 0.20 0.20 0.20 max < 0.20
C8 0.21 0.20 0.20 0.20 0.19 min > 0.19
C9 0.21 0.19 0.20 0.20 0.19 max < 0.21
Cc10 0.20 0.19 0.21 0.20 0.20 max < 0.21
Cc11 0.21 0.20 0.20 0.20 0.19 min > 0.19
Table 8. Efficient Results Matrix (ERM).
Scheme Objective Function Val-
Objective ues
1 2 3 4 5 Per Target (LHS)
Z1 0.00 0.00 0.00 0.00 1.00 0.19
Z2 0.00 0.00 0.00 0.00 1.00 0.19
Z3 0.00 0.11 0.00 0.00 0.95 0.21
Z4 0.00 0.00 0.00 0.99 0.00 0.19
Z5 0.00 0.00 1.00 0.00 0.00 0.19
Z6 0.75 0.28 0.00 0.00 0.00 0.21
Z7 0.93 0.00 0.00 0.00 0.00 0.19
Z8 0.00 0.00 0.00 0.00 1.00 0.19
Z9 1.01 0.00 0.00 0.00 0.00 0.22
Z10 0.00 0.00 1.01 0.00 0.00 0.21
Z11 0.00 0.00 0.00 0.00 1.00 0.19

Objective Z6 refers to the frequency of trams, which naturally must be a maximum.
The computed value for LHS (0.21) is greater than the maximum value established for
RHS (0.20) in Table 7. This means that the frequency is higher than expected. This is pos-
itive for passengers, but it is related to a strain on operating costs. Objective Z9 refers to
the low-floor trams for the convenience of mothers with prams and people with reduced
mobility. The computed value for LHS (0.22) is greater than the maximum value estab-
lished for RHS (0.21) in Table 7. This is positive for the convenience of passengers, but it
is related to a strain on operating costs. Objective Z7 refers to the average transportation
distance. This objective shows very good performance for the tram routes whose value of
0.20 is higher than the RHS value of 0.19.

The final part of the SIMUS method includes ranking the alternatives. For this pur-
pose, the efficient results matrix is normalized. The weighted sum method is applied to
the normalized matrix (NERM). Table 9 shows the normalized efficient results matrix. The
second part of the table shows the SIMUS score for alternatives. First, the sum of the total
of the columns is calculated. The participation factor shows the number of non-zero values
in each column. The participation factor is normalized by dividing with the number of
criteria. The SIMUS score is determined by multiplying the sum of the columns (SC) with
the normalized participation factor (NPF). The maximum value of the score shows the
best variant scheme. It can be seen that Scheme 5 is the most appropriate one. The second
part of Table 9 shows the SIMUS weights. These are the weights of objectives determined
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when considering the results of the optimization models. It could be concluded that the

criteria for the weights are almost equal.

Table 9. Normalized Efficient Results Matrix (NERM).

Objective NERM SIMUS Weights
Schemel  Scheme 2 Scheme 3 Scheme 4 Scheme5 Max SIMUS Weight
Z1 0.00 0.00 0.00 0.00 1.00 1.00 0.094
Z2 0.00 0.00 0.00 0.00 1.00 1.00 0.094
Z3 0.00 0.10 0.00 0.00 0.90 0.90 0.084
Z4 0.00 0.00 0.00 1.00 0.00 1.00 0.094
Z5 0.00 0.00 1.00 0.00 0.00 1.00 0.094
Z6 0.73 0.27 0.00 0.00 0.00 0.73 0.069
z7 1.00 0.00 0.00 0.00 0.00 1.00 0.094
Z8 0.00 0.00 0.00 0.00 1.00 1.00 0.094
Z9 1.00 0.00 0.00 0.00 0.00 1.00 0.094
Z10 0.00 0.00 1.00 0.00 0.00 1.00 0.094
Z11 0.00 0.00 0.00 0.00 1.00 1.00 0.094
SC 2.73 0.37 2.00 1.00 4.90 10.63 1.000
PF 3 2 2 1 5 - -
NPF 0.27 0.18 0.18 0.09 0.45 - -
SC x NPF 0.74 0.07 0.36 0.09 2.23 - -
ERM Ranking Scheme 5-Scheme 1-Scheme 3-Scheme 4-Scheme 2
SC—Sum of Column; PF — Participation Factor; NPF—Normalized Participation Factor; SC x NPF —
Final Result; Number of targets = 11.
4.4. Stage 4. Verification

The PROMETHEE and TOPSIS methods were used to verify the results given by the
SIMUS method. Two types of weights were used for the ranking with both methods. The
first is the Shannon entropy method, and the second is the weights of the objectives given
by the SIMUS method.

The Shannon entropy method was used to determine criteria weights. Table 10 shows
the results of Equation (23). It can be seen that the most important criteria are (C9) per-
centage of kilometers covered by low-floor trams, (C11) carbon dioxide emissions, CO2
(kgCOz2e/kWh), (C5) zero tram mileage (km), and (C10) percentage of kilometers traveled
by trams equipped with air conditioning. Criterion (C7), the average travel distance (km),
is of small importance.

Figure 5 demonstrates the comparison between the Shannon entropy weights and
the SIMUS objective weights. The difference in weights is due to the way the criteria are
defined. The SIMUS estimates are a result of the individual optimizations. The Shannon
entropy estimates are a result of the information from the criteria data.

Table 10. Parameters of the Shannon entropy method.
—plnpy c1 c2 c3 c4 [ 3 c7 c8 c9 c10  c11
Scheme 1 0.325 0.325 0.320 0.327 0.329 0.323 0.323 0.325 0.331 0.321 0.328
Scheme 2 0.324 0.324 0.325 0.324 0.321 0.324 0.322 0.324 0.316 0.317 0.323
Scheme 3 0.321 0.322 0.322 0.323 0.318 0.323 0.321 0.322 0.323 0.327 0.321
Scheme 4 0.323 0.323 0.323 0.317 0.321 0.323 0.322 0.323 0.320 0.318 0.322
Scheme 5 0.316 0.316 0.319 0.319 0.320 0.317 0.321 0.316 0.319 0.324 0.315
-y Dst INpst 1.609 1.609 1.609 1.609 1.609 1.609 1.609 1.609 1.609 1.609 1.609
S_;?i 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000 1.000
wf 0.086 0.069 0.045 0.100 0.115 0.056 0.004 0.069 0.200 0.110 0.146
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Figure 5. Comparison between the Shannon entropy weights and the SIMUS objective weights.

Figure 6 illustrates the results obtained by using the PROMETHEE method. The first
part of Figure 6a,b shows the ranking of the variant schemes, the second part shows the
criteria weights.

There are small differences between the results obtained by both approaches (Shan-
non entropy and SIMUS objectives). Scheme 5 is the best scheme under the PROMETHEE-
Shannon entropy ranking. Scheme 3 and Scheme 5 have close results under the PROME-
THEE-SIMUS ranking. Scheme 3 has a small lead over Scheme 5.
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Figure 6. PROMETHEE Ranking.

The second multi-criteria method used for verification of the results in this research
is the TOPSIS method. Table 11 shows the parameters and results when using the TOPSIS
method. Scheme 3 is the best scheme under the PROMETHEE-Shannon entropy ranking.
Scheme 5 is the best scheme under the PROMETHEE-SIMUS objectives.

It can be concluded that both the PROMETHEE and TOPSIS multi-criteria methods
give similar results to those of the SIMUS method, which confirms the ranking and selec-
tion of the most appropriate variant scheme.

Table 11. TOPSIS Ranking.

TOPSIS-Shannon entropy TOPSIS-SIMUS Objectives
di+ di- ci Rank  di+ di- ci Rank
Scheme1  0.011 0.011 0.514 3 0.009 0.006 0.380 4
Scheme?2  0.013 0.005 0.282 5 0.009  0.005 0.355 5
Scheme 3  0.008 0.009 0.551 1 0.005 0.007 0.576 2
Scheme 4  0.010 0.007 0.395 4 0.007  0.006 0.449 3
Scheme 5  0.009 0.010 0.533 2 0.005 0.009 0.621 1
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4.5. Stage 5. Aggregation

The results obtained by using the SIMUS, PROMEHEE, and TOPSIS methods are ag-
gregated using the PERT method. Table 12 shows the results.

Table 12. Aggregation.

SIMUS PROMETHEE- TOPSIS- PROMETHE- TOPSIS- A tio
Scheme Shannon entropy  Shannon entropy SIMUS SIMUS ggregation

Score NS Rank ¢ ¢* NS Rank Score NS Rank ¢ @ NS Rank Score NS Rank Score Rank

1 074 021 2 -0.600.400.08 5 051 023 3 -0.65035 0.07 5 038 016 4 015 4
2 007 0.02 5 -0140860.17 4 028 012 5 -0.09 091 0.18 4 036 015 5 012 5
3 036 010 3 030 130026 2 055 024 1 033 133 027 1 058 024 2 021 2
4 0.09 0.03 4 0.09 1.090.22 3 040 017 4 0.08 1.08 022 3 045 019 3 015 3
5 223 064 1 034134027 1 053 023 2 032 132026 2 062 026 1 037 1
sum 349 1 0.000 5.00 1.00 2.27 1.000 0.000 5.000 1 2.39 1.000 1.00

Normalized Score—NS.

Scheme 5 and Scheme 3 have close results when using the PROMETHEE method and
the TOPSIS method. It can be summarized that the normalized scores and the PERT
method give similar results. Scheme 5 is the most appropriate scheme.

5. Discussion

The SIMUS method uses linear optimization. This allows us to perform a post-opti-
mization analysis, i.e., a sensitivity analysis.

Linear optimization makes it possible also to determine the allowable increase and
the allowable decrease of the objective coefficients. In this way, considering the results of
the linear optimization models, the limits of variation of the input data can be determined
at which the ranking of the alternatives is preserved.

Table 13 presents the results of the upper and lower values of the data obtained
through sensitivity analysis. Each objective was investigated regarding the limits of the
objective coefficients. The allowable range of variations of the criteria was determined.
There are some values that are equal to zero or are unlimited. These values are only theo-
retical, and they are larger or smaller than practically possible. The limits of the criteria
depend on the infrastructure conditions and the type of rolling stock.

The upper limits for criteria €1, C2, €3, C6, and C7 depend on the length and the
maximum capacity of tram infrastructure. The upper value of the €4 criterion depends
on tram infrastructure. The upper value of the C5 criterion depends on tram infrastruc-
ture and the location of the tram depots. The upper limits for the 8 criterion depend on
the capabilities of the tram operator, the capacity of the tram lines, and the available roll-
ing stock. The upper limits for criteria €9 and C10 are 1, as these criteria are the coeffi-
cients.

The upper limits for the C11 criterion depend on the type of trams and their energy
consumption, the available rolling stock, and the capacity of the tram lines. The results
presented in Table 13 show that most criteria have large limits of variation. Scheme 5 is
close to the upper value of the C1 criterion. It is the same with the €6 and C9 criteria.
This means that Scheme 5 could improve the intensity (C6) of tram transportation (pro-
posed —157 tram cars, upper—159 tram cars). There is no possibility of increasing the
mileage in peak periods. The emissions of CO: are close to the lower limit. The operating
costs of the €8 criterion hold little possibility for variation.
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The most suitable tram transportation scheme determined is valid not only for the
specified input data, but for the input data change intervals determined by the SIMUS

method.

Table 13. Sensitivity analysis SIMUS.

Scheme 1 Scheme 2 Scheme 3 Scheme 4 Scheme 5
Cc1 U oo oo oo oo 1888
2030 2023 1971 2009 1885
L 2023 2004 1968 1983 0
C2 U oo oo oo oo oo
9,960,364 9,862,495 9,688,950 9,762,590 9,278,747
L 0 0 0 0 0
Cc3 U 34,736,222 35,063,471 34,644,218 34,486,831 36,710,834
33,327,813 34,828,227 33,852,137 34,300,828 32,963,862
L 0 34,549,024 0 0 32,742,704
c4 U oo oo oo 981 oo
1045 1019 1008 961 981
L 961 961 961 0 961
C5 U oo oo 152 oo oo
164 153 150 154 152
L 150 150 0 150 150
cé6 U 168 171 167 166 159
166 167 165 165 157
L 165 157 0 164 0
c7 U 164 oo 162 oo oo
164 163 162 164 162
L 162 163 148 163 156
Cc8 U oo oo 45,422,949 o0 45,080,322
46,343,144 45,887,785 45,080,322 45,422,949 43,171,749
L 45,080,322 45,080,322 43,171,749 45,080,322 42,826,306
c9 U 1 0.43 0.43 0.43 041
0.43 0.38 0.41 0.40 0.39
L 0.41 0.00 0.00 0.00 0.00
c10 U 041 041 041 0.40 1
0.39 0.37 0.41 0.38 0.39
L 0 0 0 0 0
c11 U oo oo 43,713 oo 43,518
46,350 44,376 43,519 44,133 41,527
L 43,518 43,519 41,528 43,518 41,343

6. Conclusions

This research proposes an integrated approach based on optimization methods and

multi-criteria analysis to develop a sustainability transportation plan for trams in the city.
Two-step optimization, including nonlinear and linear optimization, was carried out to
determine the number and the type of trams for each route, and the distribution of trams
by depots. Multi-criteria analysis was made to select the most appropriate tram transpor-
tation scheme. The SIMUS method was selected as the main tool for making decisions.
The results were verified on the basis of the PROMEHEE, TOPSIS, and Shannon entropy
methods, which are outranking and distance-based methods. An aggregation approach
for combining the results of the different multi-criteria methods was presented. Three
methods of multi-criteria analysis, based on the SIMUS, PROMETHEE, and TOPSIS
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methods, were aggregated to assess the variant schemes, taking into account the quanti-
tative and qualitative criteria that are important for the carrier and the passengers. Eleven
criteria for assessment of the tram transportation plan were defined, including technolog-
ical and economic parameters, ecology, and comfort of travel.

The proposed methodology makes it possible to increase the sustainability of the
tram transportation plan for economic, technological, social, and environmental benefits.

The methodology was applied for tram transportation in the capital of Bulgaria, the
city of Sofia. Five variant schemes were investigated. An appropriate optimized tram
transportation plan was proposed by employing the newly elaborated methodology.

The weights of the criteria used were calculated. Two approaches were applied, one
based on the SIMUS objectives and the other using the Shannon entropy method. It was
found that, based on the Shannon entropy method, the most important criteria are (C9)
percentage of kilometers covered by low-floor trams, (C11) carbon dioxide emissions, CO:
(kgCOz2e/kWh), (C5) tram zero mileage (km), and (€10) percentage of kilometers covered
by trams equipped with air conditioning. The importance of the criteria determined
through the SIMUS objectives is close. A sensitivity analysis was performed to establish
the limits of criteria weights and the values of data where the ranking results are pre-
served.

The novelty of this research is the proposed method for selecting a tram transporta-
tion scheme, including two-stage optimization for determining the number and type of
rolling stock by routes and distribution by depots, with an aggregated multi-criteria ap-
proach.

This research is a contribution to the scientific research for tram operators and for
city transportation in Sofia. It proposes a novel methodological approach which integrates
optimization and MCDM methods to choose the most appropriate tram transportation
scheme.

Regarding scientific research, the new integrated approach permits us to select the
most appropriate tram transportation organization scheme by examining pre-optimized
schemes in terms of electricity consumption and depot distribution

Regarding tram operators, the proposed methodology allows for analysis and com-
parison of previously optimized schemes of organization of tram transportation. The se-
lected optimization criterion for determining the number of trams by type and by routes
is the minimum electricity consumption for tram movement. In this way, energy-efficient
schemes are studied. Electricity consumption is directly related to the amount of COz re-
leased during the production of electricity by power plants. This determines the ecological
nature of this criterion and the benefit for society of choosing an energy-efficient scheme.
The integration of optimization models with multi-criteria analysis methods allows for
the selection of the most appropriate scheme according to a set of criteria that are im-
portant not only for carriers but for tram transportation users. Thus, the goal is to satisfy
the needs of both parties.

Regarding the case of Sofia, the research makes it possible to determine an improved
scheme for tram transportation. It permits an increase the benefits as follows: for the users,
in terms of service frequency, which increases by 13%; for the carrier, by reducing the zero
mileage of the rolling stock; for the environment, by reducing carbon dioxide pollution,
which decreases by 11%. The operating costs increase by 16% as compared to the current
situation, the energy consumption for a day decreases by 11%.

The advantages of this study can be summarized as follows:

e  The parameters of the tram transportation schemes are determined based on two-
step optimization. The number and type of trams on the routes are calculated
through optimization according to the criterion of minimum electricity consumption.
This criterion is related to both operating costs and environmental pollution with
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harmful emissions from electricity production. The distribution of trams by depots is
also optimized.

e  The optimized schemes for the tram transportation system are compared by using
additional economic, technological, and social criteria related to the transportation
process.

e  The most appropriate scheme of tram transportation is determined by applying and
aggregating three, different by their nature, multi-criteria methods. This allows the
influence of different decision-making approaches to be considered.
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