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SUBURBAN-URBAN RAIL TRANSPORT DEVELOPMENT

Summary. Main requirements for rolling stock design and organization of the
operating system are determined by membership in a certain transportation
category for which such a transportation facility is designated. Thus, a specific
feature of rolling stock operation is considered to the maximum extent, and
functional correspondence with stated tasks is ensured. The significant
disadvantage of the existing structure of rolling stock traffic is the necessity of time-
space agreements of passenger traffic due to the necessity of shifting different
transport types with the minimum time consumption. The solution to such an issue
can be found in the development and use of a universal (multifunctional) integrated
transport system. The list of issues arising during the creation of a multifunctional
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transport system can be funnelled into two groups: social and economic and
organizational and technical. The first group is social and economic and shall
conceptually solve issues of the multifunctional system feasibility for certain urban
settlement conditions (conglomerate of urban settlements). The second group
consists of organizational and technical issues. This study proposes to eliminate
certain material issues in the sphere of suburban and urban traffic by the
infrastructure improvement with the significant traffic increase and fluctuations.

Keywords: infrastructure, passenger transportation, suburban transport, urban
transport, multifunctional transport

1. INTRODUCTION

The transport sector is influenced by a wide range of external social and economic factors
such as demographics, living standards of the population, urban planning, organization of
production, structural changes in the society and accessibility to transport infrastructure [29].
In terrestrial transport, a significant traffic volume (over 40%) is carried out by rail transport.
Historically, transportations depending on the route length and points between which they are
carried out are divided into the following categories: urban, suburban, and intercity.

System failures in suburban and urban transport operations of industrial, scientific and
educational centers result in a rapid increase in transportation time expenditures, material
resource consumption, the number of road traffic incidents, and environmental degradation. In
the literature, many scientific and research works have been devoted to these issues, for
example: [9,10,16,20]. In particular, the issues of transport safety are presented in [17,30] and
concerning the impact on the natural environment in [7,33] and operation costs and
transportation quality [14,15]. Eventually, such circumstances will result in an increase in
passenger transportation cost, decrease in their quality and reliability, a considerable
degradation of living standards, and consequently, in a social strain escalation. A widely
discussed problem is the quality of passenger transport [13,18] passenger’s satisfaction [1], and
public transport costs [27]. Passengers particularly welcome effective, fast and cheap
transportation [5]. Transfer passengers, on the other hand, have practical problems when
switching to long-distance transport [1].

The vehicle-to-urban population ratio continues to grow, provided that such a process
proceeds at the same pace notwithstanding the size of a city. At the moment, many cities have
exceeded the critical level of vehicle quantity per 1000 inhabitants. At the same time, the
dynamics of vehicle-to-urban population ratio growth outruns the dynamic of roadway network
development. These problems lead to the formation of the phenomenon of transport congestion,
which is also widely discussed in the available literature, such as: [25]. The situation in Europe,
in terms of the number of passenger cars per 1,000 inhabitants in 2020, is shown in Fig. 1. As
shown in Fig. 1 the average number of passenger cars in the European Union per 1,000
inhabitants is 560.

Under such conditions, it is required to direct the joint efforts of industry specialists and
central and regional governing bodies on the improvement of transport complex functioning.
In other words, a systematic approach to the creation of new transport infrastructure and the
organization of existing infrastructure operations is required [3]. The good economic situation
and living standards are also reflected positively in the increasing demand for services in
passenger and freight rail transport [11]. The aim of this study is to identify and eliminate some
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significant problems in the area of suburban and urban traffic by improving infrastructure with
significant growth and fluctuations in traffic.
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Fig. 1. The number of passenger cars per 1,000 inhabitants in 2020 in UE [21]

2. ANALYSIS

The purpose of the transport system functioning is to provide a downtown transport
accessibility for suburban residents [31]. In addition, it is required to reduce the number of
vehicles on the roads, which has been signalled by many researchers [24,28,32]. An essential
fault of existing traffic structure (including rail transport) is the necessity of passenger traffic
space-time adjustment driven by the availability of different transport changings during the
movement from an initial point to a point of destination wit in no time [23].

The traditional passenger traffic flow diagram considering the required changings of
suburban and urban transport is shown in Fig. 2.
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Fig. 2. Suburban and urban transport passenger traffic flow

3. PURPOSE AND THE TASKS OF THE RESEARCH

In the cargo transportation organization, the door-to-door delivery was developed, and
allows minimizing labour and time expenditures on transhipments during delivery to a final
receiver [2,32]. In the last years, new technological solution has also found use in the passenger
transportation system; light rail transits were developed and put into operation [6,8,19] which
partly erased the issue of interim changings. The principle of passenger traffic organization
eliminating interim changings during transportation from an initial point to a point of
destination is offered to be included into the innovative passenger transport system. Application
of new technologies for transport is one of the ways to improve transportation [4,22]. Table 1
shows examples of data for passenger transport in 2018-2020 from Poland. As you can see, the
share of transport in this period has been increasing; unfortunately, the last year has slightly
disturbed the general trend due to the COVID-19 pandemic.

Tab. 1
Sample data from Poland regarding rail passenger transport [26]
2020 2019 2018 change change
2020/2019 [%] | 2019/2018 [%]
Number of 209.15 | 335.90 310,28 -37.73 8.26
passengers [min]
Transport perfor- |12 654.31|22065.20 | 21047.33 -42.65 4.84
mance [mlIn pass-km]
Operating perfor- 160.21 170.97 165.60 -6.29 3.24
mance [mIn train-km]
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The passenger transportation system in a city-suburban zone is the most wide-spread, regular
and socially desirable; its optimal organization is the most complicated. Decisive factors in the
passenger traffic development within the questioned transportation mode are motor transport (a
bus) and suburban railway transport. As the volume and share of urban public passenger
transport, including a bus, in the result of vehicle-to-urban population ratio growth decreases in
the general passenger traffic, the quality of urban population transport services degrades. Traffic
jams on street-roadway networks have become regular and persistent. In order to improve the
public transport role, it is required to increase the quality of services rendered, and ensure a
high level of passenger servicing.

In the scope of surface transportation, the significant share (over 40%) is accounted for by
the rail transport. It is caused by the following factors:

«  Minimum weather performance influence (nearly all-weather capability);

» High average speed of transportation;

+  Comfortableness;

* Reliability and corresponding low crush rate;

« High passenger capacity of rolling stock.

All surface transportation (including rail transport) historically was divided depending on
the route distance into the following categories:

*  Urban;

«  Suburban;

* Interurban.

The advantage of rail transport in comparison with other public transport is its remarkable
traffic-carrying capacity. Among other rail transport modes, the electric street railway remains
unchallenged in terms of the ones required for infrastructure deployment. The urban space is a
limited resource, and the railway uses it to its maximum effect. An electrical train, along with
passenger transportation, releases the roadway network load providing comfortable movement
for people who use personal transport.

The main requirements for rolling stock design and organization of the operating system are
determined by the membership in a certain transportation category that is carried out by such a
transportation facility. Thus, a specific feature of rolling stock operation is considered to the
maximum extent, and the functional correspondence with stated tasks is ensured.

The main, fundamental issue is the development of objective, make-or-break considerations.
Traditionally, travel time, value and safety are used as such factors in transport logistics.

The solution, in the authors’ opinion, can be the development and implementation of
universal (multi-functional) rail transport combining features of suburban and urban rolling
stock, providing the possibility of transportation by railways and public rail electric transport
lines.

Thus, it is prospective to consider transport system concepts eliminating interim changing
as: “Tram-Suburban Train”, “Light Rail Transit-Suburban Train”, “Underground-Suburban
Train”.

4. THE RESEARCH RESULTS

The passenger traffic flow diagram using multi-functional integrated suburban and urban
transport is shown on Fig. 3.
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Fig. 3. Passenger traffic flow diagram using multi-functional integrated suburban
and urban transport

The range of issues arising in solving the multifunctional transport system creation task can
be combined into two groups.

The first group is social and economic; it conceptually solves issues of multi-functional
system applicability under the conditions of a certain urban settlement (conglomerate):

« Availability of persistent and intensive passenger traffic;

*  Project implementation cost-effectiveness analysis.

The second group of organizational and technical issues foresees:

» Development of criteria for justified selection of multi-functional transport structures
(suburban transport-tram; suburban transport-light rail transit; suburban transport-
underground) in accordance with the certain structure;

« Solution of technical issues with respect to the creation of a multi-functional transport
facility with its present structure and its adaptation to operating conditions.

The topical issue of the passenger traffic development task is the optimal selection of
transport modes. The task foresees the availability of certain preferences based on which the
optimum shall be determined. Factors affecting the preference can be, for example, travel time,
value, safety, etc.

For qualitative forecasting of two transport mode interactions, it is reasonable to simulate
the process.

The paper authors take as an example the known dynamic model of transportation offered
by Deneubourg et al. [12]. The model action mechanism foresees the equality of the pair “point
of departure-point of destination” between the transportation scope D is implemented upon two
different available transport modes. It is supposed that xi is a number of transportations of i (i =
1,2). The dynamics of transport preference are described by a system of two differential
equations:

dx. .
— =D. —x,1=1,2 1
0| O S @

Subject to this balanced proviso: x1 + x2 = D.



Perspectives of multifunctional integrated suburban-urban rail transport development 111

If the so-called preference function is entered for each i as Ai(xi), then in the case of Di(x1,
x2) it will have the following representation:

D-A(x) i=

D.(x,X,) = 1=1,2 2
2= )+ A) @

It is quite evident that the clear dynamic behaviour of system (1) is determined by the certain
type of analytical functions Ai(xi). The mentioned authors assume a simplified situation under
which the preference Ai(xi) equals Vi - an average transportation of i. It is also assumed that
there is no interaction between transport modes. It should be noted that Deneubourg et al. [12]
to be specific, indicated that x1 and x. are the numbers of motor and railway transportations
accordingly. Such assumptions played a pivotal role initially for qualitative description, and
further for quantitative description of radically different preference functions Ai(x1) and Ax(x2).
Provided that the explicit form of such functions has analogues in mathematical biophysics, as
Deneubourg is a famous scientist in this sphere.

Further, it will not clarify the explicit form of Ai(x1) and A2(x2) in order to preserve some
generality of system behavioural properties (1) taking into account (2) represented in the form
of:

D- Ai(xl) —X;;
Al )+A(x) 3)
oo DA
COAR)FA) T

Xiz

The system (3) is able to have several states of equilibrium determined by the following
conditions:

X +% =D, %A (X)=xXA(X) 4
It is assumed that the system of two algebraic equations (4) has solutions x1*, x2*.

In order to analyse the dynamic system (3) stability in the small neighbourhood of the state
of equilibrium x1*, xo* a matrix B of linear part shall be composed (3):

B— (% -1 G j (5)
Q@ d,-1

where, q - DA()-A0¢) o DA () A (X))
(A=A T (AR +A0)

where, g1, g2 is a corresponding elasticity of preference functions.

Values 4’'1(x1*) and A "2(x2*) are derivatives of the preference function in the state of
equilibrium. The matrix B has a characteristic equation for eigenvalues:
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2 +(2-q)-2+1-q=0 (6)
g=0q, +0,

It is evident that the solution (6) is A1 = q— 1, A2 =—1. It means that in the case of g < 1 the
equilibrium is a stable node, and if g > 1 there is a saddle, i.e. unstable equilibrium. The
parameter q = 1 is a bifurcation as the stability type change carries out catastrophically. The
catastrophe type is “fold”.

The parameter g = g1 + g2 can be meaningfully interpreted as an overall elasticity of
preference functions by number of transportations by corresponding transport mode. For the
general preference function, the corresponding aperiodic type of dynamic behaviour is
determined. Considering this, it is reasonable to carry out qualitative forecasting (in paths) for
transport mode preference system dynamics.

The offered mathematical model is designated for passenger traffic equilibrium stability
problem analysis. The above material is a formalization of possible alternatives to conventional
concepts of transport infrastructure development paths in suburban-urban traffic.

5. CONCLUSIONS

This paper includes the summary of historically developed systems of passenger traffic
services in suburban-urban traffic, and a list of transport issues caused by the corresponding
evolutionary trends in this sphere. The alternative approach solving issues arising in the
transport infrastructure — the multi-functional integrated rail transport was offered. The
perspective development options of the offered transport system were reviewed. A comparative
analysis of the existing classic transport system and passenger transportation by the multi-
functional integrated rail transport was carried out.

The transport model describing the dynamics of transport mode selection for certain number
of transportations was studied. States of equilibrium for the equation system representing the
model were found, and their stability for forecasting purposes and transportation management
was studied. The offered mathematical model is designed to analyse the problem of passenger
traffic balance stability. The model stability ranges were determined, which means that in the
case of g < 1 the equilibrium is a stable node, and if q > 1 we obtain a saddle, i.e., unstable
equilibrium. On the other hand, when the parameter g = 1 is a bifurcation, because changing
the type of stability is catastrophic.

The solution of the studied improvements for urban transport issues will allow ensuring the
necessary conditions for passenger transportation security gains, effective use of all transport
resources, an increase in urban territories utilization degree and improvement in living
standards.
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