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PROJECTING OF URBAN TRANSPORT INFRASTRUCTURE
CONSIDERING THE HUMAN FACTOR

Projecting of urban transport infrastructure, which forms a comfortable habitat and development of territories, is
impossible without forecasting the parameters of transport and passenger flows. These parameters are formed under
the influence of the subjective choice of urban residents on the routes along the road and route network. The study aims
to identify factors affecting the distribution of transport and passenger flows through the existing urban transport
network. It is revealed that the gravity function of employees of city-forming enterprises, which determines the
emergence and absorption of transport and passenger flows of the city districts, can be described by parameters of urban
structure, socio-economic factors and parameters that characterize zones of residence and main area of employment.

The developed model was tested on real data from Kharkov - the second largest city in Ukraine.
Keywords: infrastructure, transport and passenger flows, the gravity function, transit, mobility

1 Introduction

Transport and transport infrastructure have a significant
impact on the economic development of cities, the main
area of employment, productivity of people, the cost
indicators of the transport process. This is largely due to
the geographical situation, the structure of the street-road
network, the patterns of settlement and various scenarios
of economic development. The growth of the level of
motorization causes the need to develop a street-road
network, increase the throughput and carrying capacity of
the urban transport system.

2 Analysis of recent research
and publications

The urban transport sector is economically sustainable
when resources are efficiently used and allocated to
maximize benefits and minimize external mobility costs [1].
Urban residential zones, in which live more than half the
world’s population, are facing unprecedented challenges
in the field of transport and mobility. [2]. In the context
of globalization and a significant increase in the level
of motorization, one of the tasks in the development of
transport infrastructure is forecasting the parameters of
transport and passenger flows while improving the transport
provision of new residential districts and various urban
objects. Moreover, it is often necessary to assess the impact
of the designed object on the transport infrastructure. Thus,
the solution of problems of the formation and development

of transport infrastructure requires consideration of
a large number of factors related to the indicators of the
technical development of the city [3]. Determining the
directions of the development of transport infrastructure,
the implementation of which will lead to a sustainable
transport system, is a serious problem, as it is associated
with a high degree of uncertainty about the future impact of
the proposed measures on the transport system and urban
environment [4].

Researchers identify four levels of transport planning:
object, sectoral, integrated transport, relating to the
transport system of the city, and urban, containing the
complex of relations between the city and transport [5].
A well-functioning transport infrastructure ensures the
sustainability and availability of transport for the population;
the possibility of free transit in the zone and increasing
mobility; creates the conditions for the development of
the system of settlement, employment, recreation [6].
This requires a balance and coordination of land use,
building and development of transport infrastructure. Such
coordination is necessary and possible not only at the
planning stage of new development zones. It should be
carried out in the course of any major projects of urban
territorial development [7]. The prerequisite for a smart
city is that, having the right information at the right time,
citizens, service providers and municipal authorities will
be able to make more correct decisions that will lead to an
improvement in the quality of life of the inhabitants and the
overall sustainability of the city [8]. This should be one of
the directions of state policy in which planning decisions
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regarding the development of cities must be coordinated
with the development of transport [9].

The constant increase in the number of cars makes it
necessary to optimize the road network so as to satisfy most
of the needs of the city. To reduce the risk of investment to
aminimum, it is necessary to take into account the patterns
of development of the system of roads, the distribution of
the load on its individual sections. Therefore, modelling
and optimal planning of the transport network takes on
particular importance [10]. At the same time, the current
problem of road congestion for the largest cities is one of
the central ones that requires urgent attention [5].

The most important and fundamental feature of the
formation of the loading of a transport network is that the
choice of means and ways of travel users of the network
affects the same choice that is being made by other users.
This circumstance creates a feedback in the process of
forming the loading of a transport network. The choice is
based on a comparison of the parameters of different ways,
while the parameters themselves are determined by the
load on the transport network. At the same time, there is
some uncertainty in predicting the routes by drivers. [11].
The state of flows is generated by the mutual transit of
vehicles that implement the well-known OD matrix [12].

According to the researchers, if the flows in the
network are in an equilibrium state, then the parameters
of all the used ways connecting the two districts are
in such a state as well. Formation of transport and
passenger flows can be described by the gravity function,
which determines the probability of choosing to travel
to the zone j by population that leaves the zone . The
gravity function may include parameters characterizing
the arrival and departure zones, as well as parameters
characterizing the availability of alternative travel options
(e.g., public transport). To form a origin-destination
matrix, the gravitational modeling approach can be
used. [13]. In this case, the formation of the mobility
of the population is mainly influenced by the social
composition of the population and the target nature of
mobility [14]. Existing at present gravity functions are
offered for all inhabitants of cities irrespective of social
composition of urban population and as a parameter
have only transit time [15]. The difference is only the
type of function used. Some researchers describe it by
hyperbolic dependence [15]. Others use the exponential
model [16]. The third, according to the materials of the
personal data, conclude that the best approximation of
the gravity function is the function of the EVA [17].

In fact, residents belonging to different groups of the
population have different priorities when choosing zones of
gravity [15]. Researchers identify the following independent
groups of population: employees of city-forming enterprises;
employees of city service enterprises; students of higher
educational institutions, colleges, secondary vocational
schools. As a result, the gravity function should be formed
separately for each group of active urban populations. In
this case, in all processes in which a person is involved,
there is an individual and collective behavior of people [18].

The purpose of users of the network may be to minimize
travel-related losses, such as travel time, expenses of
nervous energy and maximize their safety with the slightest
deviation from comfortable conditions when traveling
along several routes [19]. An adequate description of
human behavior in practice is needed [20]. In this case,
a combination of technological efficiency and behavioral
changes is advisable [9].

A large role on the parameters of travel have individual
qualities of a person [21]. The researchers propose to
combine individual characteristics of people with the
same properties of the central nervous system. In their
opinion, the properties of nervous processes form certain
combinations that determine the type of the nervous
system or the type of higher nervous activity [22]. Thus,
we can conclude that the individual characteristics of
urban residents, which are determined by the type of
nervous system, significantly affect the choice of mobility
parameters and the choice of the route.

3 Research problem and purpose statement

The conducted researches aimed to determine the
regularities of changing the gravity function of workers
of city-forming enterprises for the projecting of urban
transport infrastructure taking into account the human
factor.

To achieve this goal, the following tasks were solved:

e identification of factors influencing the patterns of
distribution of transport and passenger flows through
the transport network;

e analysis of the influence of the parameters of the city
structure, socio-economic factors and factors that
characterize the zones of residence and employment
on the change of the gravity function between the
urban districts.

4 Data and results of research
4.1 Mathematical model

The projecting of transport infrastructure should be
based on the results of a study of the patterns of influence
of urban parameters on the distribution of transport and
passenger traffic along the road network. Formation of
flows occurs on the basis of the dispersal of urban residents,
which determines the gravity function of the city districts.
The amount of transport and passenger traffic flows transit
is complemented by the visiting population. Adequate
gravity functions should take into account not only time of
travel, as at present, but also a more complex dependence,
which includes other parameters influencing the choice of
population of places of gravity.

The gravity function of inter-zone work-related mobility
can be formalized as follows:
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Parameters affecting the selection of
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Figure 1 Parameters affecting the selection of the urban population of places of gravity

", =f(G,S, R), M

where:

d”” - the gravity function of inter-zone labor transit between
(mt) the 7 - th zone of departure and the j-th zone of arrival,
G - group of factors that describe the urban structure,

S - group of socio-economic factors and data,

R - group of factors determining the urban zones.

It is possible to identify the following factors of each
group (Figure 1).

The factors that describe the structure of the city,
characterize the features of the organizational structure of
the road network and the trip distance around the city.. The
distance from the residence to the work and the traveling
time directly reflect the difficulty of communication
between the transport zones. The distance from the origin
zone to the city core and the average distance from the
residence to the city core characterize the organizational
structure of the urban road network and the distance.

The factors that determine the parameters of the city’s
zones reflect the essence of the gravity function of the fact
that people move from places of residence in which the
number of workplaces or places of study is less than the
number of workplaces or places of study in other zones.

Socio-economic factors estimate the costs for transit of
urban residents and the expediency of changing their place
of residence in relation to the place of work or study.

Travel costs indicate the difficulty of travelling in terms
of financial loss. The average wage estimates the financial
capacity of the population, which has a direct impact
on the travel quantity and the choice of the route. The
average monthly income per household member reflects
the financial security of urban residents. It also depends
on the choice of transport and the possibility of changing

the place of residence relative to the place of work. The
cost of one square meter of housing in the area of residence
and the cost of one square meter of housing in the area
of employment reflect the ability to change a place of
residence relative to the place of work or study, that is,
whether an employee can buy housing in the place of work
in terms of their financial capacity, and vice versa to change
the place of work. All socio-economic factors should be
considered in relation to the value of the average wage in
the research region.

Using the method of expert assessments, the general
type of gravity function for intra-zone travel not connected
with work was determined:

6.
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where:

dl”"jz— the gravity function between the j-th zones of departure
and the z-th store for intra-zone cultural and social mobility
(bk),

6.,0 - respectively, the value parameters of gravity that
characterize the store 2z, and the average cost parameters of
the gravity of stores in all zones, UAH,

L, L -respectively, the distance from the j-th zone to the
z-th trade establishment and the average distance from the
zone to stores in the all zones, km,

N;, N -respectively, the number of consumers in the j-th
zone and the average number of consumers in all zones,

ppl,
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81,0 - respectively, the slope factor ratio of the locality
when moving from the j-th zone to the z-th store and the
average slope factor in the all zones,

R, R - respectively, the non-linearity factor of the
connection when moving from the j-th microdistrict to
the z-th trade establishment and the average non-linearity
factor of the connection in all zones,

S., S - respectively, the trade service dimension in the
z-th store and the average zone of trade service institutions
in all zones, m?,

al, a2, a3, a4, ab, ab - calibration coefficients, the value
of which depends on the parameters of microdistricts and
trading establishments.

The direction of influence of each factor was
determined by analyzing its essence in relation to the
function of attraction. The use of gravity functions that
take into account the above-mentioned factors will allow to
receive a matrix of correspondence of the urban population.
This matrix can be used to model transport and passenger
flows, considering the projected parameters of the urban
infrastructure.

4.2 Data of instance

In order to realize the dependence (1), the definition
of the gravity function of employees of city-forming
enterprises of Kharkiv city was carried out. Kharkiv is the
regional center of Ukraine and the second largest after Kiev.
Currently, the urban population is about 1.5 million people.
The total area of Kharkiv is now 35002.26 ha. The length of
the backbone network of the city (citywide streets, streets
of the regional significance and highways) is 391.2km, and
the average population density is 47.9 people per ha.

Kharkiv is one of the largest transport hubs of Ukraine
(railways and highways, international airport). The city
has an extensive network of street public transport: metro,
route taxis, buses, trolley buses, trams. The total length of
the Kharkiv metro lines is 33km, the number of stations
is 26. There are 18 tram, 29 trolleybus and 48 bus routes
organized in the city. The fare in the city electric transport
is $ 0.19, subway $ 0.27, buses $ 0.37. The average wage is
$ 285. The total fleet of individual cars is 196.8 thousand
cars. The level of automobilization is 134.8 cars per 1000
inhabitants.

In order to obtain the initial data needed to determine
the gravity function between the place of employment and
residence, field surveys were carried out. The study was
conducted by a questionnaire method among workers of
city-forming enterprises of the city of Kharkiv (Figure 2).
The possibility of using a large sample survey to identify
data on the preferences of urban dwellers has previously
been substantiated. [23]. Employees of 58 city-forming
enterprises located in various urban zones took part in the
survey. During the survey, the places of employment and
residence of employees were recorded, the type of mobility
(transit), its temporary indicators, types of transport, price
of transit and average monthly income per family member

were determined. The total number of respondents was
874 people. Processing the questionnaires was to identify
zones of departure and arrival. These zones were formed
in accordance with the places of residence of workers
and their place of employment. To solve this problem,
a topological map of the city of Kharkiv was developed,
consisting of 63 transport hubs and 100 connections. Using
this scheme, the average distance of the districts from
the geographical center of the city and the distance to the
zone of employment was determined. The average travel
time was defined as the sum of transport element’s time
from the place of residence to the place of employment or
training: walking to stopping point, waiting for a vehicle,
time to transfer from one mode of transport to another,
walking time from the final stop to place of employment.
The average cost of transit was also determined. For
calculations for each zone of the urban housing prices were
determined as well as the number of residents and places of
employment in the zones of residence and work.

At the next stage the following data were
determined: the significance of the gravity function of
city-forming enterprises between zones ¢ and j (dyl.j),
the distance between zones ¢ and j (ly.j, km), the travel
time between zones 7 and j (tnij, min), the ratio of the
travel cost between zones to the average salary in the
city of Kharkiv (Si]/Zsr), the ratio of the distance from
the departure zone ¢ to the central core to the average
distance from the urban zone to the center (Lr/Lrs),
the ratio of income of a resident to the average wage
in the Kharkiv (D/Zsr), the ratio of the cost of one
square meter of housing in the zone of residence 7 to the
average salary in the city of Kharkiv (Zz/Zsr), the ratio of
the cost of one square meter of housing in the industrial
zone j to the average salary (Z?”J/Zsr), number of places
of employment in the zone of residence (@r.z;, units), the
amount of residents in the zone (Qz.z,, ppl.), the amount
of places of employment in the zone j (Qr.rj, units), the
number of inhabitants in the inhabitans zone j (szj,
ppl.). An example of the results of the calculation of the
data is given in Table 1.

Thus, after conducting a field survey and processing
its results, all the data needed to determine the gravity
function between the employment zones and residence,
depending on the factors that affect it, were obtained.

4.3 Computer experiment

The information obtained during the survey, makes
it possible to carry out a mathematical description of
the dependence of the change in the gravity function
of the workers of the city-forming enterprises. For this
purpose, the methods of correlation and regression analysis
were used. The values of the regression coefficients
were calculated using the least squares method. Model
parameters were determined using appropriate statistical
methods. A multifactor model of change of gravity function
between the zones ¢ and 7 was developed. The results of
calculations of the parameters of the model of the change
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Questionnaire
Dear residents of Kharkiv, the Department of Transport Systems and Logistics of the O.M.Beketov
National University of Urban Economy in Kharkiv conducts a survey to identify the laws of selecting
the places of attraction of workers of city-forming enterprises in Kharkiv with the aim of improving the
organization of the transport infrastructure of the city. All information provided by you will be used
exclusively in the framework of this scientific study
1. Place ofresidence (territorial location)
2. Place of work, training (territorial location)
3. Type of enterprise
4.The start time of the trip
5. Time of the end of the trip
6. Trip route
7. What kind of transport do you use (please fill and underline your answers)

Time spent | Time spent traveling | Number of transfers (specify types
Type of transport | traveling to | to your place of | of transport and waiting time for
work residence transport)
A) personal
B) public
- trolleybus (Tr)
- tram (T)
- minibus (MB)
- subway (S)
- taxi
Total time
8. Travel cost (total in one way) UAH.
9. How much time you spend on the walking to the stop point (SP):
a) from home to SP , b) from work to SP

10. How much time do you spend on waiting for a vehicle at a stopping point when traveling
from home

11. Your average monthly income per family member, $:

=)
3
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ol o S| | S| S| S| S| S| S| S| =| o] @ = | ® S
= 2 — Q N < [rat N 53] X — — — — — —_ g Q
12. Your age 13. Gender

Thank you very much. We hope that you were interested in answering our questions and this
will give a positive result in the study of this issue.

Figure 2 Questionnaire for workers of city-forming enterprises

Table 1 The results of the survey data calculation

d‘ij i t—"U N h D Zzi Zrj Qrz, Qz.2, Qr.rj Qz.rj
Zsr L Zsr Zsr Zsr

0.04 6.05 15 0.0012 1.13 0.67 2.79 3.77 8700 10205 30783 23463
0.017 154 54 0.0018 1.24 1.72 3.59 3.81 8700 10205 17801 27552
0.023 10.2 46 0.0013 1.07 1.14 4.23 3.13 18737 20992 31786 44432
0.034 12 61 0.0016 1.05 1.33 3.38 2.54 21749 35278 25783 24453
0.029 16 75 0.0019 1.13 1.78 3.38 3.76 13049 48107 34673 43567
0.046 3.2 33 0.0011 1.25 0.35 4.49 2.73 12046 4082 23527 36534
0.006 124 70 0.0013 1.08 1.38 3.88 3.78 3747 41547 32587 42566
0.029 14 59 0.003 1.19 1.56 3.6 3.34 4216 44900 29837 41232
0.017 20.1 90 0.0023 1.31 2.233 347 3.81 12046 6123 18865 25765
0.003 72 17 0.0008 0.66 0.8 3.601 4.1 7027 19680 16532 22687
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Table 2 Limits of measurement of the model of change of the gravity function of employees of city-forming enterprises

. Designation, Measurement
Indicator . . .
dimension boundaries
Travel time between zones ¢ and j tn, min. 9.5-100.1
The ratio of the distance from the departure zone 7 to the center to the average L
. . T 0.39-2.44
distance from the zone to the city center rs
The ratio of the cost of one square meter of housing in the zone of residence 7 to the Zzi
R . - 0.726-1.21
cost of one square meter of housing in the work zone j Zr;
The ratio of number of places of application of labor in the zone of work ¢ to the Qr-ri
. . . . 0.49-23
number of places of application of labor in the residence zone j Qr-z;
The ratl(? of the travel cost between zones 7 and j to the average income of a resident Sij 0.0005-0.0092
of zone © D;
Quantity of inhabitants in the zone of residence j Qz.z, ppl. 3061-103794

Table 3 Characteristics of the model of change of the gravity function of employees of city-forming enterprises

Student’s t-test
Factor Coefficient Standard error
actual calculated
%{j 1.531 0.265 b.77 1.98
1/< ll:;:; ) 0.0212 0.009 2.27 1.98
10g< gj}i ) -0.164 0.016 -10.2 1.98
log< 81> 0.043 0.004 1145 198
4/ ( Si > 0.743 0.17 -4.36 1.98
Zsr
Q..M 0.000000027 0.000000013 2.06 1.98
Table 4 Confidence intervals of the coefficients of the model
Factor Lower bound Upper bound
t}w 0.849 2.213
Lﬂ'
1/ ( Trs ) 0.0028 0.0452
ZZ[
log( 7sr > -0.205 -0.123
1 QV'}’]‘
og 0 0.034 0.053
[ Si )
( Zor 1.181 0.304
Q..M 0.0000000066 0.000000061

Qr.z - number of places of application of labor in the zone of residence I, ppl.
Sij - cost of travel between areas i and j, UAH

D, - average income of a resident of i zone, km

Qz.zJ - number of residents in the zone of residence I, ppl.

Sij - cost of travel between zones i and j, UAH

D, - average income of a resident of i district. UAH.

in the gravity function of the workers of the city-forming di = 1'5311/‘_ + 0‘0212(1 /( ém‘ >> _
enterprises are given in Tables 2-4. ’ ””Z s 0
The multiple regression model has the following form: — 0.164(10g< ZZ{ )) + 0.043< log(#) -,

—0.743 (%) + 0.000000027 Q...

©))
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Table 5 The results of the evaluation of the model of changes of the gravity function of the workers of the city-forming

enterprises

Indicator Value

Student’s t-test: tabular 1.25

calculated 125.24

Multiple correlation coefficient 0.99

Average approximation error, % 134

0.105 \
0.09
_ 0,075
%
0.06
0.045
0.03
20 35 50 65 80 95
Iny, min
Figure 3 Graph of changes in the gravity function of employees of city-forming enterprises,
depending on the travel time between zones i and j
0.085
0.07
. 0.055
%
0.04
0.025
0.0007 0.0024 0.0041 0.0058 0.0075 0.0092
S,/ D,

Figure 4 Graph of changes in the gravity function of employees of city-forming enterprises,
depending on the ratio of the travel cost to the average income of residents of the zone of departure i

where:

a, - the gravity function of the workers of the city-forming
enterprises between regions ¢ and 7,

- travel time between zones 7 and 7,

Lr,- distance from the zone of departure i to the city center,
Lrs - average distance from the zone to the center,

Zz, - the cost of one square meter of housing in the urban
residence I,

ZV]. - the cost of one square meter of housing in the work
zone Jj,

Qm"]. - the number of places of employment in the work
zone j.
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Figure 5 Graph of changes in the gravity function of employees of city-forming enterprises, depending on the ratio

of remoteness of the zone of departure i to the center to the

average remoteness of the zones of the city from the center
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Figure 6 Graph of changes in the gravity function of workers

of city-forming enterprises, depending on the ratio of the cost

of one square meter of housing in the zone of residence i to the cost of one square meter of housing in the zone of work j

After the development of the regression model, its
statistical evaluation was carried out. The results of the
calculations are given in Table 5.

5 Discussion

The results of the research showed that in determining
the patterns of change in the gravity function of the
workers of the city-forming enterprises, of all the factors
studied, only ten turned out to be significant, they form
certain ratios. This is evidenced by the calculated value
of Student’s t-test, which is bigger than the table value.
The closeness of the relationship between the dependent
variable and the factors that influence its level was
determined by the coefficient of multiple correlation.
The value of the coefficient of multiple correlation

indicates a high degree of closeness of the connection
between the values of the gravity function and the
selected factors. The assessment of the adequacy of
the developed model was carried out in terms of the
average approximation error. Its value corresponds to
the permissible limits.

To analyze the changes in the gravity function of
the workers of city-forming enterprises, graphs of its
changes were constructed depending on the influence of
each of the previously determined factors. When plotting
the graphs, the value of one of the factors changed with
the average values of others. The calculation results are
shown in Figures 3-8.

Analysis of the received gravity function shows that the
increase of the travel time between the areas of departure
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Figure 7 Graph of changes in the gravity function of workers of city-forming enterprises
depending on the ratio of the number of places of application of labor in the industrial zone j to the number
of places of application of labor in the zone of residence i
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Figure 8 Graph of changes in the gravity function of employees of city-forming enterprises,
depending on the number of residents in the zone of residence i

and arrival reduces the value of the gravity function. The
more time it takes to travel, the fewer people will carry it.
This conclusion is consistent with the results of previous
studies.

An increase in the ratio of the travel cost to the average
income of the residents of the area of departure leads to
a decrease in the value of the gravity function. This is due
to the fact that the higher is the travel cost in relation to
income, the less people will make this trips. In this case, the
route with a lower cost will be chosen.

The ratio of the remoteness of the area of departure
from the city center to the average remoteness of the zone
of the city from the center reduces the value of the gravity
function. This is due to the fact that with an increase in
the distance, possible transfers from one type of transport
to another increase, the trip time and the cost of travel
increase. All this causes a decrease in the attractiveness of
potential travels from the area.

With the increase in the ratio of the cost of one square
meter of housing in areas of residence and employment, the
value of the gravity function decreases. This is due to the
fact that employees of city-forming enterprises have more
opportunities to purchase housing at the industrial zone. In
addition, the cost of housing determines the prestige of the
zones and residents may prefer to work in them.

With an increase in the ratio of the number of places
of place of employment in the industrial area to the number
place of employment in the zone of residence, the value of
the gravity function increases. This is due to the fact that
the likelihood of finding work in the area of gravity is higher
than in the area of residence.

With the increase in the number of residents in the area
of residence, the gravity function increases. With a large
number of residents in the area of residence it is more
difficult to find a job and residents will be forced to move
to other parts of the city.
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Thus, we can conclude that the change in the gravity
function of the workers of the city-forming enterprises
is described with sufficient accuracy by the regression
equation, in which the variables are factors that describe
the urban structure, socio-economic factors and factors
determining the parameters of zones of residence place of
employment. As a result of the calculations, it is possible to
conclude that it is acceptable to use the resulting model of
the change of the gravity function of employees of the city-
forming enterprises when designing the urban transport
infrastructure.

6 Conclusion

The design of the urban transport infrastructure should
be focused on creating a comfortable living environment
and the development of territories. In accordance with
this premise, it is necessary that decision makers in
the sphere of design of urban transport infrastructure
take into account the influence of the human factor on
changes in the parameters of transport and passenger flows.
The existing methods for determining the parameters of
transport and passenger flows did not fully considered the
patterns of settlement of urban residents, their subjective
choice of method and ways of travel due to the lack of
mathematical formalization of the gravity function, the
patterns of choice of public and individual transport for the
travel, as well as the distribution of the formed transport
and passenger correspondence for the existing route and
street-road network. The proposed gravity function of the
workers of the city-forming enterprises is based on the
parameters of the urban structure, socio-economic data
and factors that determine the parameters of the zones of
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