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Abstract. This paper describes the approaches to analyzing the effectiveness of
the urban transit system. Research in this area almost focuses on the intersec-
tion of sciences: urban development, economics, ecology, sociology, and oth-
ers. It is, therefore, important to use models that allow to perform analysis from
different perspectives. It is necessary to take into account a large number of
diverse factors which effect on the performance of the transportation system, its
operation quality, safety, etc. For the conceptual analysis, it was provided to
consider ongoing processes on the cognitive model. Decision support fuzzy
methods are used to match the goals and possibilities of the transport system.

Keywords: city, transportation system, public transportation, decision support,
cognitive modeling, fuzzy methods.

1 Introduction

The urban transit system (UTS) is at the forefront in ensuring the proper functioning
of life support systems, the development of all urban subsystems, business and tour-
ism. The level of transportation accessibility largely determines the quality of life.
The complexity of urban transit systems depends on the traffic increase, high envi-
ronmental standards and the strict technical regulations operation of the vehicles.
Modernization of the urban transit system is carried out with a view to improving the
efficiency and profitability, quality and accessibility of transportation for the citizen.
In this connection, it is necessary to solve a number of relevant tasks: identifying
needs for transportation services, the determination of the factors influencing their
satisfaction, identifying dependencies between the factors, assessment of the effec-
tiveness of measures to improve the quality of transportation services and others.

2 Urban Transit System Development Modeling

When generating evidence-based approach for management decision-making to mod-
ernize the urban transit system it is necessary to use methods to create and analyze

© Springer International Publishing Switzerland 2015
A. Kravets et al. (Eds.): CIT&DS 2015, CCIS 535, pp. 488-499, 2015.
DOI: 10.1007/978-3-319-23766-4_39



Models and Methods for the Urban Transit System Research 489

various alternatives and evaluate their effectiveness. Usually, for this use computer
simulation technology.

Simulation allows researchers compare the effect of the transportation system op-
eration and the cost of this operation, as well as the needs of society and the degree of
their satisfaction. Moreover, these technologies make it possible to solve many other
problems related to planning activities to create an effective urban transit system.

Formally, the mathematical models used for the analysis and design of urban trans-
it system can be divided into three groups:

— forecast;
— imitation;
— optimization.

Again each group of models can be associated with a specific range of tasks:

— transit planning;
— traffic organization;
— optimization of transportation process.

The problems related to the planning are particularly important. City management can
be effective only if operation of urban systems analyzed, problems identified and
development opportunities specified. There are determine the conditions for reasona-
ble choice of place for the construction of new enterprises and residential areas.

“Under what conditions will be a balance between the demand for transportation
and transport supply” is one of the main questions that most researchers try to
address. There are many approaches to solving this problem. Most of them are based
on the analysis of statistical information on the movement of residents [1,2,3].

In [4] is considered the process of regulation of urban passenger transportation in
the conditions of conflict interest passengers, transportation operators, and municipal
authorities.

The most effective transportation models are derived from the integration of GIS-
technologies and data analysis. This approach was implemented in «PTV Vision®
VISUM» (Germany) [5]. Model that implemented in the system allows to obtain a
holistic representation and scenario forecasts of the behavior transportation system at
the macro level (city, region), carry out the calculation of the real functioning of the
transportation system in different conditions [6]. Transportation demand is deter-
mined on the basis of data on the distribution of inhabitants, jobs, and job training, as
well as jobs in the service sector by the transportation areas of the city. It should be
noted that obtaining these data can be provided by a specially organized system for
collecting traffic data at the federal, regional and local levels. Such system a long time
and successfully operates in Germany [7], but this practice is not in Russia.

In addition, obtaining a complete matrix of correspondences measured recovery
method from the traffic load on the segments of the network requires a large amount
of information for the entire network of the city [8].

Many tasks cause considerable difficulties despite the successful experience of the
simulation application for UTS planning development. First of all, it is the task which
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align objectives and linking them with the overall objectives of territorial develop-
ment. It should also take into account that transportation systems are working in con-
ditions of substantial uncertainty that is formed as the result influence various factors
and actors on the situation. When building the UTS model should be considered
fuzziness of the available information, stakeholders contradictions, and multicriteria
solutions of optimization problems. In this regard, we consider an approach based on
a combination of cognitive and fuzzy models.

Cognitive modeling is used for working with semistructured (weakly formalized)
systems, and can be used in areas where there has never made attempts perform the
simulation. In such systems, you can't use the traditional econometric approach to
analyze processes and to develop complex (i.e., dealing with different aspects of the
studied system) solutions. With the help of cognitive modeling, we can obtain new
knowledge about the possible development of the urban transit system. This
knowledge can significantly reduce the uncertainty in future conditions estimation
and reduce the number of unreasonable decisions taken by the city authorities. The
cognitive map analysis allows to consider the impact of various factors on the devel-
opment of the situation and taking into account the views of all interested parties. This
approach is very effective in the pre-planning stage when necessary to analyze the
interaction between difficult formalizable and measurable factors and finally to make
decision on the system structure.

The simulated situation is described by means of fuzzy cognitive map [9], which is
graph of cause-and-effect relations and are illustrated the multiple links between dif-
ferent factors and, therefore, are particularly useful for identifying and mapping the
impacts of second order (indirect, synergies, etc.).

Key factors are the subject of research at the graph nodes. The list of sets N={Cn,
Ly, Sgij, W;}, where {Cn} — the vertex set (concepts); {L;} — the set of cause-and-
effect relations between concepts; {Sg;} — the character set of associations (+, —);
{W;;} — the system set of associations (strong, medium, weak, etc.) is used in fuzzy
cognitive maps. Each concept C; is described by one or more variable conditions that
characterize the state of the concept (qualitatively or quantitatively).

Based on the cognitive model we can be built scenario models and analyze planned
solutions [10,11,12,13,14]. In this paper, a cognitive model is applied for structuring
subject domain and conceptual analysis. The object modeling — the urban transit sys-
tem as a set of communications of all types of transportation with their facilities,
devices, engineering equipment, including control systems, management and organi-
zation of the movement of vehicles and pedestrians [15].

The objectives of simulation:

— structuring knowledge of the urban transit system and present them in a formalized
form;

— identification of consensus view on the situation in the studied area and definition
of contradictions;

— analysis of the mutual influence of factors, which are characterizing the situation;

— preparation of information for structure-targeted analysis the situation.
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First Stage. Identification of basic factors characterizing urban transportation system
development. This stage is aimed at limiting the subject area within the objectives and
the formation of a unified conceptual system for the participants of this process. The
quality of the urban transit system functioning will be assessed in the position to
achieve significant effects on meeting the demand for movement, reduce operating
costs, improve safety and comfort and to reduce the environmental burden.

Therefore, the three factors that determine the sustainable development of transpor-
tation system have been identified: reliability, efficiency, and safety. The reliability of
transportation system is characterized by the degree of conformity to norms transpor-
tation accessibility and regularity, a guaranteed level of service and safety of trips.

The efficiency transportation system is determined primarily the ratio of income
and expenses of transportation enterprises. The main objective of urban transit system
is to ensure the mobility of the population, so the efficiency of transportation system
will always be determined by a certain balance between the conflicting demands of
the economy and the needs of residents. Urban passenger transportation is traditional-
ly unprofitable and some of the funds needed to provide transportation are covering
by local budgets. In such circumstances, the indicators related to the efficiency of
spending, should be considered.

Security is a basic criterion for determining the quality of the transportation sys-
tem. In this case, consider two aspects of security — technological and ecological. The
most significant factors influencing the development of urban transit system were
selected on the basis the analysis of task and different sources [16,17,18]:

— Q — Quality of UTS;

— x; — Traffic Reliability;

— X, — Transportation System Efficiencys;

— x3 — Transportation System Safety;

— X4 — Meet the Demand for Services;

— x5 — Comfortable Transportation;

— X — Share of Users Urban Public Transportation in the Total Passenger Traffic;
— X7 — Transportation Prime Costs;

— xg — Technological Safety;

— X9 — Environmental Safety;

— X9 — Transportation Accessibility;

— Xy — Movement Time to Stopping Point;

— X, — Informing Passengers;

— X3 — Service Quality;

— X14 — Regularity;

— X5 — Vehicles Fullness;

— X6 — Vehicles Condition;

— X17 — Share of Sustainable Transport;

— X3 — Share Budget Expenditure on Environmental Safety;
— Xj9 — Route Network Density;

— X0 — Average Number of Change on the Route;
— Xp; — Quality of Management;



492 N. Sadovnikova et al.

— X5, — Fares;

— Xp3 — Costs of Transportation per Citizen;

— Xo4 — Driver Qualification;

— Xp5 — Quality Road-Transport Infrastructure;
— X6 — Traffic Organization Level.

Second Stage. Identification the factors mutual influence.

The cognitive model factors mutual influence can be determine by the dependen-
cies based on the quantitative or qualitative estimates (obtained from the experts in
this case). The relationship between the factors can be defined using the correlation
coefficient in the case where there are proper quality statistics. Otherwise, we should
apply evaluations based on the expert’s polls. Mutual influence of factors selected to
characterize urban transportation system development are shown in Fig. 1 and Fig. 2.

Third Stage. Cognitive model construction.

The above model of urban transportation system is focused on evaluating the effec-
tiveness meet traffic demand by examining the use of the public and private road
transport balance. It is particularly important to have an inclusion possibility in the
model the lower level factors. Thus, tools for selection and specification of their im-
pact on the overall situation are provided. At the same time we will identify the im-
pact transportation system transformation on, for example, the “technical” factors
related to the passenger transportation operation: the key time slots that form the
common transportation accessibility or the subjective factors the comfort and safety
emotional evaluation.

3 Fuzzy Model for Matching Transportation System
Development Objectives

As arule, cognitive analysis tool is used to evaluate the influence of individual factors
on the possibility of achieving the selected goals. It is difficult to conduct a combina-
tion of factors influence study and to determine the optimal of the studied systems
values characteristics using only cognitive analysis.

Information obtained as a result of cognitive analysis can be used to determine the
structure of the graph optimum requirements to the quality indicators and characteris-
tics of the studied system. The intersection of factors and the visualization of the cog-
nitive model factors in the values of the hierarchical model criteria are necessary to
provide for the integration of these models.

Transportation system development concept identification has much uncertainty in
the requirements and capabilities the objectives realization. Therefore, the task of
determining the optimal requirements for quality indicators of the system based on the
use of the principle of maximizing solution to the problem with fuzzy objectives and
fuzzy restrictions [19]. This problem is non-linear with a complex structure re-
strictions. The standard method of nonlinear programming for its decision is not to
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allow in some cases the absence of an analytical description of communication func-
tions between the indices of adjacent layers of the graph, as well as large dimension
of the set vertices.

Fig. 1. Fragment of the cognitive map urban transportation system development (the solid lines —
“direct impact”, the dotted line — “inverse impact™)

In this regard, the use of an approach based on the decomposition of the original
problem is of interest [20,21]. The considered problem of large dimension non-linear
programming can be reduced to the task sequence of smaller dimension under certain
assumptions about the structure of the relationship between the characteristics and
kind of used membership functions.

Assumptions about the monotony of communication functions in the system and
quasi-concavity membership functions of fuzzy variables are introduced.
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Fig. 2. Fragment of the matrix mutual influences of the cognitive model urban transportation
system development

The graph is a generalization of the objectives and targets tree for the case where
the connection between vertices are described by nonlinear functions. Graph
G=(X,E,F) is introducing to describe the interactions in the system, where

X — set of vertices;
E — set of arcs

E={(X, X)X, X;e X}’ ey

F — relationship set.
The x; value of X; characteristic is dependent on the x; value of X; characteristic like

X; :fi(xil"“’xi )> 2

n

the f; functions are monotonically (non strictly) increasing in each of its arguments.
Requirements for the quality indicators defined in the form of fuzzy sets
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0;=1{q;.1;(q)}.q; ER',j=123 3)

Let us assume that values ¢y,...,q3, of quality indicators Ql,...,Q3 , depend only on

the values of the top-level factors.

It is expected that the membership functions of the parameters “Reliability”, “Effi-
ciency” and “Safety” are monotonically (non strictly) increasing in each of its argu-
ments and have a similar appearance (Fig. 3).

u(@)

qi

| |

v

0.3
Fig. 3. Kind of membership function for quality indicators UTS

Possibilities the lower levels characteristics implementation are also modeled in the
form of fuzzy sets

Xi ={(xm; (0 hx; ERY = Jiseorm “4)

There u;(x;) — the possibility that the x; variable can take appropriate value.

Examples of corresponding membership functions for some of the factors are listed
below (Fig. 4). So the highest possibility that the fares will be in the range of from 20
to 50 rubles. Membership functions based on an analysis of information on the city of
Volgograd.

The model presented in Fig. 5, was constructed to evaluate the urban transit system
quality.

In order to determine communication functions we will use the information gath-
ered at the stage of cognitive analysis. Weight factors in communication functions are
determined in accordance with the matrix mutual influences (Fig. 2).

For example, the dependence of the motion regularity on the route network density
and management can be expressed by the formula:

Fx;4(X19, X21) = 0,6-X5; + 0,4-X19 )
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Fig. 4. Membership functions: a) Fares (rubles); b) Costs of Transportation per Citizen (rubles)

Fig. 5. Model of evaluation the urban transit system quality
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Method element wise division [20] involves computation capabilities of X, starting

with the factors of penultimate level in accordance with the principle of generalizing
LA Zadeh [19], based on the possibility f(j for all factors X;.

Ability to achieve the required characteristics for all values X, determined from:
1
H; (x;) = max My, Q)N A (), x; € R (6)

Xo ey Xe X =f (X LX)
i i i

where ab = min(a,b) .

The ability to achieve objective HQI = {(q,,,uné (gNh1=1.M,

1
M, (q,) = max Hy, (xk1 )A---A;ukp (xkp )4 € R )
xkl Xy ) :Ql ()ck1 seees X )
p p

As a result of solving the problem are the optimal requirements for system charac-
teristics, quality indicators and assessment of achieving the goal:

Mg (@)™t " Mg, (@)™ Hpg,, (qy ) — max )

The results of solving the problem are shown in Fig. 6.

025 = 1
&

e

-

-

ad

hd
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Fig. 6. The point of intersection of the graphs of membership functions the objectives and
opportunities
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The intersection point of the membership functions graphs determines the degree
of goal achievement. Therefore, 0.55 is the maximum possible value of the integral
indicator of urban transportation system quality with the limits set on the possibility
of the lower levels indicators implementation. In addition, the corresponding values of
this lower level index factors could also be set.

4 Conclusions

Cognitive analysis and fuzzy modeling technologies integration can solve the problem
of align objectives in dealing with the choice of strategies for the urban transit system
development, and to obtain quantitative characteristics for the evaluation of alterna-
tive solutions.

Besides that the method presented in the paper can be used for:

— evaluation of the urban transit system performance;

— planning measures to improve the urban transit system;

— comparison of different variants of modernization projects the urban transit system;
— creating a basis for design making.
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