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Bio supimennsa npobremu popmyeanns pauionanvioi cmpyr-
mypu mepumopiansHux mpancnopmuux cucmem i ix ejpexmuenozo
PO36UMKY 6 3HAMHIN MIDI 3ANEHCUMD POZBUMOK NPOMUCTIOBUX 30H,
paiionie i yinux pezionie. Ocobaueocmi Qynxuyionyeanns mepu-
mopiansHux MpaHcnOPmMHUX CUCMeM MICHO NO6A3aHI 3 iX CmpPYK-
myporo, AKa XapaKxmepusyemocs 0esKor) KOMOTHAUIE NaApHUx
noxasnuxie 6ausvkocmi. QYHKYIONYEAHHA MAKUX CUCMEM MICHO
nogszame 3i ceoimu cmpyxmyporo. Cmpyxmypa 6yos-sxoi mpauc-
nopmnoi cucmemu € Gazamopienesoro. /Ina ymounenns wucaa
CMpYKMYypHUX pieHie cucmeMu ma CKAa006uUx ix eleMeHmie po3po-
Oneni kpumepii i areopummu, w0 003601110Mb BUIHAMAMU B3AEMHE
PO3MAMYBANHS 3A3HAMEHUX MHONCUH HA NIOWUHI 3 YPAXYBAHHAM
MOXMHCIUBO20 iXHb0O20 nepexpumms. Pospoonenuii yzazanvrenui
NOKA3HUK OAUZLKOCH 0eKIIbKOX MHONCUH, WO He NePeKpusaromv-
€51, 3aCHOBANHUT HA 00JIIKY NAPHUX NOKAZHUKIE OIU3BKOCME OKPeMUX
MHONCUH 1 PIBHUIL IXHbOMY CePeOHbOMY KEAOPAMUMHOMY 3HAMEH-
wo. Ilpouedypa cmpyxmyprozo ananisy mpancnopmuoi cucmemu
noguzana 3 HeoOXiOHICMIO NONEPeoHv020 BUHAMEHHA T CmpyK-
mMYpHOZ0 iHOEKCY 3a pe3ynbmamamu po3PAxyHKi6 3HaAUeHb NAPHUX
noxasnuxie 6ausvkocmi. Po3po6ieno memoo 6Cmano6aeHHs Mucia
CMPYKMYPHUX PIBHIE MINCPE2IOHANLHOT MPAHCROPMHOI cucmemu
3acHO8aHUIL HA NONEPEOHDOMY BUSHAMEHHI CIMPYKMYPHOZ0 iHOeKCY
cucmemu 3 HACMYNHUM NPUUHIMMAM PiUleHb NO 00 COHAHHIO MHO-
JICUM, WO NEPEeKPUBAIOMbCSL, Npu ixHill nasenocmi. Piwenns npax-
MUMHUX 3060aHb, NOB IZAHUX 3 YMOUHEHHIM CMPYKMYPU, CKAA0Y
il percumie PYHKUIOHYEAHHA MPAHCNOPMHUX CUCTEM CJIE0 6UKO-
HYéamu Ha 0CHOBI NONEPEOHLO BCMAHOBIIO6AH020 CIMPYKMYPHO20
indexcy. Pezyavmamu 00CnioNceHHss 00360510Mb CMPYKMYpPY6a-
mu mpancnopmui cucmemu 3 6UOLIEHHAM OKpeMux pieHie, oudge-
penyitogamu sumpamu Ha ix po36UMOK ma eKCnayamayilo 3 Memoio
onmumizauii ix enacmugocmei

Kanrouosi cnosa: mpancnopmna cucmema, cmpyxmypuuil
anania, cmpyxmypruii iHoexc, CmpyKxmypHuil piéeHv, ajizopumm
cmpykmypyeans
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Production activity of industrial enterprises of every de-
scription relates to the necessity of cargo transportation in
the delivery of raw materials, semi-finished products, finished
goods. Transport systems and all necessary territorial in-
frastructure are created to meet transportation needs. The
formation and development of such systems are closely related
to the features and volumes of regional production, availability
of stable transport links between enterprises and the prospects
for further development of industrial zones and territories [1].

The transport system is a network with infrastructure
which, in turn, has a set of elements for each type of transport
that facilitate and ensure passage of material flows. The pres-
ent study relates the development of a method of optimizing
the transport network structure with the aim of classifying its
levels according to the criterion of load level and utilization
and subsequent distribution of capital and current expendi-
tures for development and operation of infrastructure.

The problems of forming the rational structure of the trans-
port system and improving its efficiency in current conditions
are quite relevant. The range of ways to solve these problems
is wide enough: from the application of intelligent control sys-
tems [2—4] to the development of new models and methods of
organizing work and operation of vehicles [5, 6]. This is brought

about by the generally high cost of construction of trans-
port communications, infrastructure, repair, and maintenance.
From an operational point of view, the territorial transport
system is a set of transport routes, hubs, warehouses, distribu-
tion centers and other infrastructure elements. This promotes
effective motion of transport and material flows in the process
of enterprise production and economic activities.

It should be noted that despite the existence of known
modeling methods, there is no a basic method of structuring
transport systems simple and accessible enough to understand
it and use in practice and which would make it possible to lay
(as early as at the initial stage of designing) such elements
that will improve efficiency of transport systems and manifest
itself in operation. This is directly or indirectly confirmed in
the studies analyzed in what follows. Therefore, analysis of the
transport system structure both at the design stage and during
operation is provided in the context of improving transport
system efficiency as one of the most important factors.

2. Literature review and problem statement

Adoption of sound design solutions related to the for-
mation of a transport network, reconstruction of existing
sections, enhancement of existing road flyovers and other



elements of infrastructure should be consistent with the gen-
eral concept of balanced regional development [7]. It should
be borne in mind that production links between individual
entities are formed, as a rule, at the local level where long-
term transport links arise.

There are several approaches to analysis and assessment
of transport system efficiency [8, 9]. The statement of prob-
lems modeled by stationary Kolmogorov-Feller equations
with a nonlinear drift coefficient is proposed in [10]. A
mathematical analysis of the model is presented. The pro-
posed method is based on the use of the Fourier transform
to obtain an analytical solution to the problems in question.
The problems discussed in [11] are related to the assessment
of the functioning of complex technical systems, in particu-
lar, transport systems. It was assumed that the assessment
of their functioning depends on the degree of meeting the
chosen criteria. Therefore, it is important to define a set of
criteria including their type, number, and value. Thus, choice
and determination of importance of significant variables
over time, measured and independent characteristics deter-
mine the degree of fulfillment of the criteria that serve as a
basis for evaluating the functioning of such systems.

The DEA model based on the fuzzy theory and used for
evaluating the efficiency of transport systems and services
taking into account uncertainty of the data and assessment
results was obtained in [12]. In particular, attention is given
to “delay time” which is an important input data that is usu-
ally impossible to measure and is still considered to be indef-
inite. Study [13] addresses the problems associated with the
quality assurance of transport systems. A concept of system
operation quality was defined. Based on this concept, a
schematic model of assessment was developed and a random
process to be used for assessment was described. A model
of assessment of system operation efficiency for analyzed
technical objects was developed using semi-Markov theory.
However, the issue of determining an index that can be used
to assess and compare various different transport systems
remained unsolved.

Territorial transport systems operating within estab-
lished boundaries are considered in [14] as a set of sources
and consumers of traffic flows interacting on the basis of a
single transport network for satisfaction of existing freight
needs. At the same time, it is important that the system struc-
ture in general is rational, consistent with existing needs and
prospects of balanced regional development. Studies [15, 16]
also point out that creation and maintenance of transport
systems, their reconstruction and technical re-equipment
require involvement of significant financial resources with a
preliminary assessment of economic efficiency. However, re-
lationship between efficiency of the system and its structure
remains unclear.

Despite the wide spectrum of issues that have already
been resolved, there are still many issues concerning improve-
ment of structural analysis and raising efficiency of transport
systems. It should be noted that such approaches to analysis of
transport systems do not answer the question of determining
the number of structural levels of complex systems and the
generalized criterion characterizing their structure.

Time and cost are the main criteria for evaluating the
efficiency of transport systems. It is obvious that the trans-
port system structure and its individual elements (length
of roads, their load level, time of movement, infrastructure,
operating costs, etc.) are related to these criteria. This is
directly and indirectly confirmed in [7-13].

In general, it can be said that efficiency of operation of
the territorial transport system relates to the features of
interaction between individual subsystems, structural ele-
ments and characteristics of logistical operations, processes
and technologies used in practice.

Current methods of analysis and optimization of pa-
rameters of the process of the territorial transport system
functioning are aimed at the improvement of existing and
development of new technologies for the interaction of
structural elements [17]. The technologies, operations and
processes used must be adapted to the existing structure of
the system [18]. However, the technical literature available
does not present systematic analysis of various structures
and properties of the transport systems built on their basis.
Classification of structural elements is essentially formal and
does not enable, in some cases, an objective assessment of
their role and production potential across the entire trans-
port system.

At present, the issues of structural analysis and synthesis
of territorial transport systems have not been fully worked
out which creates difficulties both in assessing the function-
ality of existing systems and designing new ones.

3. The aim and objectives of the study

The study objective is to develop an algorithm of analysis
of regional transport system structure using the method of
decomposition and system integration on the basis of struc-
tural indexes, which will enable solving specific problems
to decide on their structure, composition and modes of
operation.

To achieve this objective, the following tasks were set:

—to develop a method of decomposition of a transport
system for singling out individual levels and work out crite-
ria characterizing them;

—to develop a method for determining the structural
index using system integration;

—to develop a method for establishing the number of
structural levels of the interregional transport system.

4. Decomposition of the transport system to single out
individual levels

Analysis of structure and decomposition of territorial
transport systems is performed to determine the compo-
sition, properties, nature, and features of interaction of
individual elements in the functioning process. This makes
it possible to assess the suitability of such systems to solve
problems determined by their purpose.

The list of typical problems arising in the formation
and organization of functioning of territorial transport
systems [19-21] are given in Table 1.

Solving the listed problems at individual stages of de-
sign, operation, reconstruction, and development of systems
necessitates the periodic assessment of their current state
and substantiation of expediency of making specific man-
agement decisions.

A structure of the transport system can generally consist
of three interdependent levels differing in their composition
and functions performed [22]. However, the number of struc-
tural levels may be less than three, and known methods of
structural analysis do not make it possible to unambiguously



determine their number and composition. This creates diffi-
culties in solving practical problems including the choice of
optimal operation modes.

Table 1
Typical problems arising in development and organization of

functioning of territorial transport systems

List of problems of formation of
structure and organization of func-
tioning of transport systems

Corresponding stage of de-
sign or functioning related
to solution of the set task

Thus, it can be concluded that each of the network sec-
tions as an element of the transport system is characterized
by belonging to a certain structural level, the actual length
of the transport routes and the total amount of cargo traffic
in two opposite directions.

Table 2 shows the data characterizing the composition of
the analyzed system.

Table 2

Characteristics of the territorial transport system

The task of analyzing and determin-
ing suitability of the structure of
the existing transport system to the
needs of the areas associated with
freight traffic

Solved at the stage of nom-
inal operation of the system
to assess the possibility and
feasibility of optimizing the
modes of its functioning at
different levels

The problem of synthesis and
optimization of structure of mul-
tilevel transport systems taking
into account the planned needs for
organization of freight traffic

Solved at the stage of
designing and forming
structure of the transport
network in development of
new territories and areas

Decision-making problems related
to gradual (evolutionary) develop-
ment of territorial transport systems
and bringing their structure and
state into line with the changing
needs of local, regional, and interre-

Solved at the stage of
reconstruction, modern-
ization, improvement, and
development of existing
transport systems

gional freight traffic

Let us consider, as an example, a fragment of territorial
transport system shown in Fig. 1.

Fig. 1. A fragment of the territorial transport system

It consists of six interacting clusters K1, K2,..., K6, each
containing transport routes of different lengths.

An aggregate of routes of such sections forms the com-
position of the local system level. For the fragment shown
in Fig. 1, linear elements of the local level are denoted
by a; (i=1, 2,.. 17) and form the set A*.

In turn, the roads connecting nodes of individual clus-
ters with the formation of a single transport network at the
regional level are also linear elements of the system. These
areas in Fig. 1 are denoted by b, (i=1, 2,... 7) and their set
determines the set B*.

The system also contains elements that ensure passage
of transit freight flows which are denoted by ¢, (i=1, 2,... 5)
and their totality forms the set C* and determines the com-
position of the interregional level of the system (Fig. 1).

Designation | Characteristics of the transport system elements
of sets and

individual ele- | The system level and Site Total rate of

ments in their | ordinal number of the | length, freight,

composition element, i km t/day
A* local liA* q{’ '
a, 1 23 6,110
a, 2 18 4,960
a, 3 31 5,740
a; 4 17 6,600
as 5 27 4,140
a 6 36 5,120
a; 7 32 7,220
ag 8 31 7,740
a, 9 24 7,910
a, 10 26 8,800
a;, 11 18 7,140
a, 12 25 9,300
a, 13 34 10,140
a,, 14 22 6,840
a,; 15 31 10,200
a 16 29 11,220
a; 17 32 11,140
B* regional liB‘ qf '
b, 1 33 8,100
b, 2 44 8,850
b, 3 61 8,260
b, 4 34 10,920
b; 5 45 7760
be 6 42 10,650
b, 7 46 9730
C* interregional lic ’ qic '
c 1 67 27,200
¢ 2 36 26,650
cs 3 30 24,150
c; 4 59 23,950
cs 5 63 26,340




Fig. 2 shows the relative position in the plane g0l of the
elements belonging to sets A*, B* and C*.

However, the use of observed values of freight rate ¢
(t/day) and distances / (km) with specified dimensions is
not informative enough in the graphical representation
of the system structure shown in Fig. 2. This is because
when describing the system properties, it is better to use
dimensionless indexes. Therefore, instead of initial sets
A*, B* and C* with sets of elements a; (lf*,qf*), b, (liB*, qu*),
c: lf*,ql.c* , transformed sets A, B and C with elements
a; (x,yl), b, (xf,yi?, ¢ («¢,y¢) will be used further with
dimensionless coordinates determined as follows:

A* B*
xA _ li _lmin . xB _ li _lmin .
S R T
max _ “min max _ ‘min
A* B*
A _ q]’ _CImin . B _ qi _qmin .
Y = | Y = )
L qmax - qmin CImax - qmin
o=
C _ Ii _lmin .
T
m(;i)i ~ Fmin (1)
= 9~ uin ,
L qmax _qmin
where [ is the maximum value of the length of the

transport site among all elements [/, (%, [ [ . is the
respective minimum value; ¢, is the maximum freight rate
among all elements ¢, ¢°, q¢°; q,, is the respective
minimum value of freight rate.

Elements of the set “A” are described by “distance” attri-
butes because only distances can be well-defined and stable
in this site and freight rates are stochastic.

The sets B and C are predictable and more stable, so they
can be handled. They adequately characterize and describe
the loading and functioning of the transport systems and
have connections with multiple “A” through distances. In
principle, other factors can be used also for structuring the
transport system. They have a certain stable interrelation-
ship (for example, specific costs in the set “A” and volumes of
transportation expressed in terms of costs in sets B and C).

q, ton per day

A AA
A Set C*4
20,00
Set A*

10,00 ;“‘—"-o

anlnp (% 0

] .' m| SetB*

0 20 40 60 1, km

Fig. 2. Characteristics of the transport system elements as
a set of points in the plane g0/(where g is the freight rate;
/is the length of the transportation site)

The territorial system should be considered three-level
if the point elements ai, bi, ci belonging to different levels
form non-overlapping sets A, B, and C. Structural analysis
of such a system is connected with determining of relative
position of points belonging to sets A, B, Cin the plane Y0X
followed by assessment of possibility of joining overlapping
sets if any.

Thus, to clarify the number of structural levels of the sys-
tem and their constituent elements, criteria and algorithms
must be developed to determine the relative position of these
sets in the plane. Moreover, these criteria should take into
account possible overlap and assessment of the necessity of
further integration of overlapping sets.

Implementation of the procedure for assessing the rel-
ative proximity of the sets characterizing the structure of
the transport system is an important stage of analysis. Its
results will largely determine further actions related to the
necessity of combining overlapping sets.

5. Development of a method for establishing the number
of structural levels of the interregional transport system

The notion of distance between groups of homogeneous
objects is usually used in the development of a procedure for
their classification and relates to the assessment of the rela-
tive position of sets of different nature in the plane [23]. The
distance determined by the principle of “close neighbor” can
serve as characteristic of proximity of individual sets using
potential functions, etc.

Since the center of an individual set is determined by
the position of its centroid in the plane Y0X, the distance
between the sets A and B (Fig. 3) containing respectively
N4 and Np elements is defined as the Euclidean distance
between centroids S4 and Sp:

D= \(Fa=%s) +(5.,-7:) =

N, Ny 2 Ny Np 2
St Yaf Sy D!
— i=1 _ it = _ it ) 2)
N, Ny N, Ny

The model (2) and its elements are described in [16],
namely: B

— x4 and y, are the coordinates of the S4 centroid
center; _

—xp and y, are the coordinates of the Sp centroid
center;

— N, and N, are the numbers of points included in the
centroids;

_ x;“7
the centroids.

If the sets A and B are characterized by values of respec-
tive diameters D4 and Djp, such sets are assessed as non-over-
lapping when inequality [24] is satisfied:

A B
Y, X

i

, y’ are the coordinates of points inside

D, D
Du<5

or, after transformations:

_ D,+D,
2D,,

N =1 >0.

In this case, criterion nyp should be considered as an
index of the pair proximity of sets A and B [25]. It assumes
positive values when elements of the considered sets are
distant in the Y0X plane so that the areas bounded by re-
spective diameters D4 and Dg do not overlap. In this case,



gradual mutual removal of non-overlapping sets A and B will
be accompanied by the continuous growth of positive values
of the pair proximity index n4p.

0 7 X X
Fig. 3. Scheme of determining the Euclidean distance
between sets Aand Bin Y0X plane

If there is a partial or complete overlap of these sets in the
plane, then n4 3 assumes a negative value.

Consider now the case where three sets A, B and C are lo-
cated in the Y0X plane (Fig. 4) with the number of elements
N4, N, Nc and corresponding diameters Dy, Dg, D¢. Dis-
tance between sets A and B is determined from formula (2).
Similarly, distances between the sets B and C and between
C are determined.

Indexes of pair proximity for the listed sets which are
determined in accordance with the outlined approach and
using similar designations are determined as follows:

D, +D
=14 B
Nus 2D,
D,+D
=1-=4 ¢ 3
Mac 2D, )
ﬂgc:1—DB+DC-
L 2'DBC

0

Fig. 4. Relative position of the sets A, B, Cin the plane and
the scheme of determining distances between them

The analyzed sets A, B and C will not overlap (Fig. 5) if
the following conditions are met:

Mz >0,
Ny >0, 4)
MNpe >0.

Note that, from a practical point of view, the situation
where the analyzed system has three structural levels and

the sets of corresponding point elements in the plane Y0X do
not overlap is of the greatest interest.

Suppose the system under analysis is three-level, and
condition (4) is satisfied. Since the maximum value of each
pair proximity index is equal to one, then the area of a possi-
ble change of the radius vector p in the system of rectangu-
lar coordinates M, M, Nz Will be inside the space bounded
by a unit cube (Fig. 6).

1

>0
T‘|4(>0 n3(>0
»
0 X
Fig. 5. Relative position of the sets A, Band C that do not
overlap

Module of the radius vector p reaches the maximum pos-
sible magnitude in the case where the point $™(1,1,1) charac-
terizing relative position of the sets coincides with the vertex

of the cube farthest from the origin: | p |maX =/3 (Fig. 6)
A N
1.0
B M10Ms0)
S*(1,1,1)
1.0
0 >
‘rlli('
1.0
MNac

Fig. 6. Position of the radius vector p in
the three-dimensional coordinate system of the pair

proximity indexes, M,;, M, Npe

This position of the radius-vector will correspond to the
case of the greatest distance of all considered sets from each
other. Then, to estimate the proximity of non-overlapping
sets, a generalized index [24] should be used:

1
ezﬁ\/nis"'nic"'nio ®)

The use of a normalization factor 1/+/3 leads to the case
where the generalized proximity index can vary in the range
of values 0<6<1.

Thus, it can be concluded that the developed generalized
index of the proximity of several non-overlapping sets is
based on the consideration of pair indexes of the proximity
of individual sets and is equal to their mean square value.

Note also that in the case where 8=0, there is a bound-
ary approximation of all sets without their mutual overlap
and the generalized proximity index takes negative values



when there is the partial or complete overlap of any of the
sets A, B, C in the Y0X plane.

In general, structural features of three-level trans-
port systems will be explicitly expressed in cases where
non-overlapping sets are removed from each other so that
the value of the generalized proximity index is in the
range of 0.5<60<1.0.

To perform calculations and assess the relative position
of individual sets in the plane in accordance with the pro-
posed algorithm and using the developed indexes in the in-
tegrated Mathcad computing system, a computer program
was developed. Its possibilities were assessed for different
variants of mutual arrangement of sets A, B and C.

For example, Fig.7 shows the relative position of
non-overlapping sets and coordinates of their individual
elements are given in Tables 3—5.

Table 3
Coordinates of the set A elements

i 1 2 3 4 ) 6 7 8 9
x| 0.2 | 03 [0.275(0.325] 0.25 | 0.35 [0.225]0.275|0.325
yi | 0.8 | 0.8 [0.775]0.775| 0.75 | 0.75 |0.725(0.725[0.725
i 10 1 12 13 14 15 16 17 18
x| 0.2 1025 03 [0.35]0.225] 0.3 | 0.25 [0.175| 0.45
yi | 07 107 |07 | 07 |0.675|0.675| 0.65 [0.625| 0.7

Coordinates of the set Belements

0 0.25 0.5 0.75 X

Fig. 7. Relative position of three non-overlapping sets

Table 6
Coordinates of the set A elements

i 1 2 3 4 5 6 7 8 9
x | 04 | 0.5 [0.475]0.525] 0.45 | 0.55 |0.425|0.475|0.525
yi | 0.8 | 0.8 [0.775]0.775| 0.75 | 0.75 |0.725|0.725|0.725
i 10 11 12 13 14 15 16 17 18
x | 04 [ 045 0.5 ]0.55(0425| 0/5 | 0.45 |0.375| 0.65
yi | 07 | 07 | 0.7 | 0.7 [0.675]|0.675| 0.65 |0.625| 0.7

i 1 2 3 4 5 6 7 8 9

x; 0.551 [ 0.475 ] 0.491 | 0.595 | 0.45 | 0.471 [ 0.485| 0.53 | 0.551

yi| 0.4 [0.375]0.375]0.375| 0.35 | 0.35 | 0.35 [0.325| 0.3

x; | 0.493 [ 0.492 | 0.51 | 0.385|0.371|0.471 | 0.477 | 0.385 | 0.393

vi| 02750275 | 0.25 [ 0.225|0.225| 0.2 [0.175|0.175| 0.15

Coordinates of the set Celements

i 1 2 3 4 ) 6 7 8 9

x| 0.55 [0.575| 0.65 | 0.625| 0.61 | 0.671| 0.71 | 0.712 | 0.615

vi | 0775 0.755 | 0.751 | 0.715 | 0.72 | 0.725 | 0.73 | 0.665 | 0.621

Y
Table 4
0.75
10
0.555
0.3 0.5
20
0.385 0.25
0.15
Table 5
0 0.25 0.5 0.75 X
o Fig. 8. Relative position of the three overlapping
sets in the plane
0.715
0,624 Table 7

In the case under consideration, pair indexes of proximi-
ty take the following positive values:

n,; =0.384,
N,ue =0.302,
Ny = 0.422.

Respectively, the value of the generalized proximity in-
dex 6=0.373. It is seen from Fig. 7 that the overlapping of
the analyzed sets does not occur and, therefore, the system
under consideration is three-level.

In the case where elements of the sets A, B and C are
characterized by the data set presented in Tables 68, all
above sets will overlap as shown in Fig. 8.

Coordinates of the set Belements

i 1 2 3 4 5 6 7 8 9 10
%; [0.651]0.575|0.591]0.695| 0.55 [0.571]0.585| 0.63 |0.651(0.655
yi| 0.7 10.675]0.675|0.675] 0.65 | 0.65 | 0.65 [0.625| 0.6 | 0.6
i 11 12 | 13 | 14 | 15 | 16 | 17 | 18 | 19 | 20
x; [ 0.9310.592] 0.61 |0.585(0.471{0.471|0.577|0.485|0.493 |0.485
¥; [0.575]0.575] 0.55 |0.525{0.525| 0.5 |0.475[0.475| 0.45 | 0.45

In this case, all values of the indexes of pair proximity
will be negative:

N, =-0.747,
N, =0.546,
Nye =0.835.



Table 8

Coordinates of the set C elements

i| 1 2 3 4 5 6 7 8 9 10
x; | 0.55 0.575 0.65 |0.625| 0.61 [0.671| 0.71 |0.712]0.615(0.715
yi [0.775]0.755(0.7510.715| 0.72 {0.725| 0.73 [0.665|0.621|0.624

Thus, the developed indexes and the corresponding
calculation program for assessment of the relative position
of sets in a plane will make it possible to determine the
expected properties of the analyzed multilevel transport
systems.

6. Establishing the number of structural levels of the
transport system

Peculiarities of territorial transport system functioning
are closely related to their structure which is characterized
by some combination of paired proximity indexes. However,
as shown earlier, the values of individual indexes m,;, M.,
Mge can be both positive and negative.

This means that, in the general case, there are eight vari-
ants of the combination of signs of pair proximity indexes
that can be brought to conformity with structural indexes
with the symbolic representation of S1, 52,..., 58.

The definition of the structural index of the analyzed
system as its most important characteristic should be
made in each case in accordance with the data presented
in Table 9.

Table 9

Structural characteristics of multilevel transport systems

Symbolic repre-

sentation of the

structural index
of the system

s @ @]

Signs of pair

Scheme of relative o
proximity indexes

position of individual
sets in a plane M | Mg Npe

A

52 % s
5 0

54

S5 Bmc - - +

|-

A
B
ACB
AC

S8 - - -

In general, we can assert that the structural index is a
characteristic of a family of homogeneous transport systems
with similar properties. The possible variety of structures
observed in practice is described using eight basic variants
corresponding to one or another structural index with sym-
bols 51, S2,..., 8.

7. Discussion of the results obtained in the study of
theoretical bases of transport system analysis

Practical problems related to the refinement of structure,
composition and modes of operation of transport systems
should be solved on the basis of a predefined structural index.

Thus, the procedure of structural analysis of the trans-
port system is connected with the need to predetermine its
structural index according to the results of the calculation
of values of paired proximity indexes in conformity with the
data presented in Table 9.

For each structural index, Table 10 provides informa-
tion on possible variants of joining overlapping sets and
the number of structural levels corresponding to variants
of such joining.

Then, the number of structural levels of a functioning
transport system should be determined on the basis of the
following sequence of actions:

1) upon determining values of paired proximity indexes,
structural index of the analyzed system is determined taking
into account signs of pair proximity indexes and using the
data given in Table 9;

2) within the established structural index, it is decided
which of the overlapping sets should be joined and which
should be considered as only partially overlapping;

3) final decision on determining the number of structural
levels of the analyzed system is made after performing the
procedure of joining overlapping sets in accordance with the
data presented in Table 10.

It should be noted that when solving the problem of
determining the number of structural levels of the system, a
need appears to develop criteria and decision-making rules
related to the possible joining of partially overlapping sets
in the Y0X plane.

Let us take a closer look at this procedure. Suppose that two
sets Wand V with diameters Dy and Dy partially overlap. In
this case, Dy>Dy, and the value of their overlap Z>0 (Fig. 9).

Define coefficients K; and K5 as dimensionless relative
values:

k=2, (©)
DW

K,=Z-=05+Pu=2Dw %)
D, 2D,

Z value of partial overlapping of sets (Fig. 9)
D,, +D,

Z=2020 Dy, (8)

Since Dy>Dy, the coefficient is 0<K;<1. If 0<K;<0.25,
then because of a relatively small diameter of the set V, we
can assume that elements of the set Vrepresent an “overshot”
that should be included in the main set W regardless of the
magnitude of overlap, Z.



Table 10

Structural indexes of systems and their corresponding variants of structure formation

(?fy t?}:)zltl:urcctizcaii?ltda;o:f Number of levels of the transport system when conditions connected with partial overlapping and joining of
the system structural element sets are met
S1 three levels if sets A, B and C are not overlapping
52 two levels in presence of joined sets A&B three levels in partial overlapping of A and B
53 two levels in presence of joined sets A&C three levels in partial overlapping of A and C
S4 two levels in presence of joined sets B&C three levels in partial overlapping of B and C
two levels in presence two levels in presence three levels in partial
55 one level in presence of of joined sets A&B and of joined sets A&C and overlanpin off{)an 4B
joined sets A&B&C partial overlapping of A | partial overlapping of A bping ’
and C and B and A and C
two levels in presence two levels in presence three levels in partial
56 one level in presence of of joined sets A&B and of joined sets B&C and overlappin off{)an 4B
joined sets A&B&C partial overlapping of B | partial overlapping of A p% J q ’
and C and B and Band €
two levels in presence two levels in presence three levels in partial
57 one level in presence of of joined sets A&C and of joined sets B&C and overlapin of/{)and c
joined sets A&B&C partial overlapping of C | partial overlapping of A p% 8 d ’
and B and C and Cand B
58 one level in presence of joined sets A&B&C

>

X

Fig. 9. Relative position of two partially overlapping sets W
and Vin the plane

0

When analyzing the possible change in the coefficient
Ky with the growth of overlap Z, it should be noted that
when condition Ky>0.5 is met, the centroid of the set V falls
within the boundary of the set W determined by a circle of
diameter Dyy.

For this reason, observance of inequality K,>0.5 is fur-
ther considered as a sufficient ground for joining partially
overlapping sets Wand V.

Graphical representation of the developed algorithm of
joining overlapping sets is shown in Fig. 10. For the region
Q, of values of the coefficients Ky and Ky, partially overlap-
ping sets Wand V should be regarded as existing separately
with partial “mixing” of some of their elements.

For the area Q, of values of coefficients Ky and Kj, it is
advisable to join sets Wand V because of significant overlap
and “mixing” of their elements.

Thus, a method of establishing the number of structural
levels of the interregional transport system was developed

based on preliminary determination of the structural index
of the system followed by decision-making on joining the
overlapping sets, if any.

K A
N o oo o s O
Area Area
Q Q,
0.25
1
. >
0 0.5 K,

Fig. 10. Areas Q, and Q, of values of coefficients Kj and
K, for which alternative decisions are made for joining
the overlapping sets

Using the developed method of structural analysis with
respect to the system presented in Fig. 1, it can be shown
that irrespective of partial overlap of sets A and B (Fig. 11),
they should not be joined since in this case K{=0.70 and
Ky=0.34.

The calculation results make it possible to conclude that
the system shown in Fig. 1 is characterized by the follow-
ing set of parameters: Dp=0.341, Dsc=0.918, Dpc=0.73,
D4=0.391, D=0.56, D¢=0.752, m,,=—0.393, 1,,=0.378,
Nye=0.101 and should be considered as a three-layer system
with structural index §2.

The study results provide new tools for analyzing and
characterizing transport systems. However, there are some



disadvantages to point out. In particular, the issue of taking
into account the interaction of different types of transport,
time and costs of overloading and cargo storage at transit
warehouses remained insufficiently defined. To improve the
functioning of transportation systems, these factors have to
be investigated and taken into account. It is this problem
that will be addressed in future studies of regional transport

8. Conclusions

1. A method of transport system decomposition for singling
out individual levels based on logistical principles was devel-
oped which makes it possible to determine quantitative compo-
sition and characteristics of its individual levels. It was proved
that the criteria by which transport systems are assessed are

closely related to their structure. According to the developed
classification, the system structure is characterized by a set of
Y structural indexes 51, 52,..., §8. Systems with the same indexes
Area C and the same number of levels are structurally similar.

2. A method of determining structural indexes with the
use of system integration was proposed. The procedure of
structural analysis of the transport system is connected with
the necessity of preliminary determination of its structural
index according to the results from the calculation of values
0.5 of pair proximity indexes. For each structural index, data
were presented on possible variants of joining overlapping

systems.

0.75

Area A Area B sets and information on the number of structural levels cor-
" responding to different variants of such joining.
0.25 ™ L S0 3. A method of establishing the number of structural lev-

° els of inter-regional transport systems was developed based
on preliminary determination of the system’s structural in-
dex followed by decision-making on joining overlapping sets
if any. Application of the proposed method enables the struc-
turing of transport systems while singling out individual
levels and differentiation of costs of the system development
and its operation in the course of the system functioning.

| | '.0 o)

0.25 0.5 0.75 X

Fig. 11. Relative position of the sets A, B, C of elements of
territorial transport system in the plane YOX
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