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The authors explore the interdepend-
ence between demographic changes and
transport network centrality, using Saint
Petersburg as an example. The article de-
scribes the demographic data for the peri-
od 2002—2015 and the transportation net-
work data of 2006. The authors employ
several methods of demographic research,
they identified the centre of gravity of the
population, produce the standard devia-
tional ellipsis and use the kernel density
estimation. The street network centrality of
Saint Petersburg was analyzed using the
Multiple Centrality Assessment Model
(MCA) and the Urban Network Analysis
Tool for ArcGIS. The analysis of the popu-
lation distribution in Saint Petersburg
shows that each area of the city has seen
their population grow over the last thirteen
years. However, the population of subur-
ban areas increased the most. The core
area of the city has the tendency of outward
diffusion, and the population gravity centre
has been moving northwards. Spatial char-
acteristics of the population growth,
changes in the population gravity centre,
the standard deviational ellipse and char-
acteristics of the street network centrality
show that Saint Petersburg is at the final
stage of urbanization and its development
pattern is similar to that of other major
cities.
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Introduction

Changes in urban population distri-
bution reflect the state of the economy
and the expansion and restructuring of
space. Urban transport is the backbone
of a city’s internal space and it plays an
important role in developing the urban
spatial structure [12, 14].

The US researcher Ray M. Nort-
ham, a specialist in urban geography,
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introduced the notion of S curve and distinguished between three stages of
urbanisation — urbanisation, suburbanisation, and re-urbanisation. Today,
Russia has a high level of urbanisation and a developed urban space. The
urban population is continuously increasing within a certain threshold range.
Historically, Saint Petersburg developed within a land/sea system. Today, it
is one of the key metropolisation [1] areas in Russia and a major European
port. Saint Petersburg is a typical multifunctional city developing in a glob-
alising world [2].

To understand changes in the urbanisation process, it is important to ana-
lyse transport network distribution and population distribution in developed
urbanised spaces. This holds true for the studies into the regulation of space
expansion and port city enhancement in developing countries. Firstly, the
objective of this work is to analyse the spatial changes in the city from 2002
to 2015, using a population gravity model and the standard deviation ellipse.
Secondly, it is to study the features of the city’s transport network, using the
network analysis tool. Thirdly, it is to trace changes in the city’s population
density distribution employing the method of kernel density, and to estimate
its correlation with the parameters of transport network centrality.

1. Research methods and data processing

1.1. Research methods

As dynamic spatial systems, cities are constantly changing. The initial
concentration process transforms into diffusion; later, diffusion can be re-
placed by concentration. The population centre of gravity is an important
parameter for identifying the direction and features of urban or regional pop-
ulation distribution [10]. The trajectory and rate of shifts in the population
centre of gravity have become an important benchmark for devising settle-
ment policies in western countries. Changes in the population distribution in
Saint Petersburg were analysed with the centre of gravity model and the
standard deviation ellipse.

The formula for calculating the population centre of gravity is

X=3P X/YP Y=Y P-YIYP,

where X, Y stand for the coordinates of the population centre of gravity; X,
Y, stand for the coordinates of the centre of gravity of population group i; P;
stands for the size of population group i.

The diffusion of population distribution is measured using the standard
deviation ellipse [9]. The standard deviation ellipse consists of a major and a
minor axis, a deviation angle, and the centre of gravity of the ellipse. The
major axis is the proportion of population distribution in the principal direc-
tion from the population centre of gravity. The minor axis is the proportion
of population distribution in the secondary direction. The deviation angle
represents the principal direction of population distribution. The ellipse can
account for over 68 % of the population of an area under consideration. The
standard deviation ellipse fully reflects the deviation of population distribu-
tion in different directions and can be indicative of population distribution
trends.
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Betweenness centrality and straightness centrality introduced within the
multiple centrality assessment model (MCA) are two important indices used
to identify the centrality of a city’s transport network [16]. Transport routes
serve as the edges of a city’s network and intersections and terminals as
nodes connecting the edges. Distances between nodes along an actual trans-
port network are calculated to measure the centrality of a transport network
[11]. Betweenness centrality is measured using the number of shortest paths
between each pair of the network’s nodes, containing a selected node.

The formula for calculating betweenness centrality is

B :;ZN ny (l)
i (N—l)(N—z) J=lik=1; j#k#1 ’

n.

Jk
where C/ stands for the betweenness centrality of node i, N for the number
of nodes in the transport network, n, for the number of shortest paths be-

tween network nodes, and 7, (i) for the number of shortest paths containing i.

Betweenness centrality is of immense significance for studying a city net-
work. Betweenness centrality is an important parameter for measuring the
transport traffic between network nodes.

Straightness centrality measures the shortest paths between two nodes,
containing node i, and the extent of their deviation from a virtual straight
route. The smaller the extent of deviation, the higher the straightness centra-
lity of node i and the transport efficiency. If a node can be reached from a
selected node via the shortest path, the best straightness centrality and high-
est transport efficiency are attained.

The formula to calculate the straightness centrality is

1 v dﬁucl
S _ y
G NI Ly

i
where C® stands for the straightness centrality of node i, N for the number
of nodes in a transport network, d, for the shortest path between nodes i and

j,and d f“d for the Euclidian distance between nodes i and j.

Straightness centrality is an important parameter for measuring transport
efficiency. It is also of enormous significance for studying the spatial struc-
ture of complex networks.

In this study, centrality is measured using the urban network analysis
tool (UNA), which was developed on the basis of ArcGIS software at the
Singapore University of Technology and Design in collaboration with the
Massachusetts Institute of Technology [17].

The UNA offers special opportunities for network space analysis: 1) it
can be used to analyse networks from the perspective of geometry or typolo-
gy; 2) it includes a third network element alongside nodes and edges; 3) in-
tersections can be weighted within a network.

When studying the correlation between a city’s transport network and
spatial distribution of population density, it is necessary to use spatial inter-
polation of a transport network’s centrality and population density using
kernel density estimation (KDE).
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Discrete points shown on the map do not always make it possible to
identify spatial distribution trends. KDE enables obtaining a layer of changes
in the density of the studied phenomenon and observing continuous spatial
changes. The method calculates densities of discrete points within a certain
area (window).

The ArcGIS Kernel Density tool calculates the density of features in a
neighbourhood around those features. It can be calculated for both point and
line features. A smoothly curved surface is fitted over a point. The surface
value is highest at the location of the point and it diminishes as distance from
the point increases to reach zero at the search radius distance from the point.
The volume under the surface equals the population field value for the point,
or 1 if NONE is specified. The density at each output raster cell is calculated
by adding the values of all the kernel surfaces where they overlay the raster
cell centre [18].

The geometric value of a KDE equation is as follows. Density distribu-
tion is highest in the centre of each point Xi, and it diminishes when the dis-
tance from the centre reaches a certain threshold range (fig. 1) [13]. The
KDE formula is

1 n - X,
1= X k5

where h stands for the threshold, n for the number of points within a range,
and d for data dimensionality.
For instance, for a d = 2, the equation will be

)= Zjl{l_(x—xi)zl;(y—yi)z}”

nhn

where (x—x, )2 +(y-, )2 is the deviation between points (x;, ;) and (x, y).
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T I 1 : threshold

Fig. 1. Kernel density estimation method
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The calculations were carried out using the ArcGIS software. Distribu-
tion of population density and transport network centrality was estimated for
different periods.

1.2. Characteristics of the region

In 2015, the city’s population reached 5,191,700 people [3]. Saint Pe-
tersburg is the northernmost city in the world with a population above one
million people. It is the most populated non-capital city completely located
in the European part of Eurasia [5]. With an area of 1439 km’, it ranks sec-
ond after Moscow in Russia [3]. Saint Petersburg comprises 18 districts [3],
which are further divided into 111 municipalities — 81 city municipalities,
nine towns (Zelenogorsk, Kolpino, Krasnoye Selo, Kronshtadt, Lomonosov,
Pavlovsk, Petergof, Pushkin, Sestroretsk), and 21 villages [3].

1.3. Sources and data processing

This article uses the population size data from Saint Petersburg statistical
yearbooks of 2002, 2010, and 2015 [3]. The 2016 data on the city’s transport
network are taken from the Open Street Map project [4]. Spatial adjustment
was carried out using Google Maps. District and municipal level data were
obtained from the official website of Saint Petersburg [5].

2. Conclusions
2.1. Spatial changes in population by zones

In 2002—2015, the total population of Saint Petersburg was increasing.
However, population growth rates differed at the zone level. In 2002, the
population of the city reached 4,661,200 and in 2015 it rose to 5,191,700.
The annual growth rate was 0.77 %. This article divides Saint Petersburg into
three zones — central, suburban, and outer suburban ones. The division is
based on materials from the report ‘The potential for the socioeconomic de-
velopment of Saint Petersburg until 2020: Possible strategies’ [6]. In 2002—
2015, the spatial distribution of the city’s population density was changing
from high to low as distance from the centre increased, from the central
through the suburban to the outer suburban zone. The city’s population con-
tinues to concentrate around the centre.

The population density differentiation trend is manifested in the fact that
the most rapid increase in population is observed in the suburban zone, to be
followed by the outer suburban zone and the central one (fig. 2—4).
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Fig. 2. Population density in Saint Petersburg in 2002

Compiled by the authors based on [3].
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Fig. 3. Population density in Saint Petersburg districts in 2015

Compiled by the authors based on [3].
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Fig. 4. Changes in population density
in Saint Petersburg districts in 2002—2015

Compiled by the authors based on [3].
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2.2 Spatial changes in population density by district

In 2002—2015, a population gain was observed in 16 out of 18 districts
of Saint Petersburg. The highest population growth rates were registered in
the Primorksy, Nevsky, Kalininsky, Moskovsky, Pushkinsky, and Krasnoye
Selo districts. Population figures saw a drop only in the Central and Admi-
ralteysky districts, (fig. 2—4).

The most densely populated area is the Central district with 13658 peo-
ple/km®. A significant proportion of Saint Petersburg residents (approximate-
ly 40%) live in high-density districts (above 10,000 people/km”). This pro-
portion was increasing in 2002—2015. Districts with a population density of
6000—10,000 people/km* accounted for 19.6 % of residents and the propor-
tion of such districts was diminishing. Districts with a population density of
3000—6000 people/km® were home to 20% of the city’s population and
their proportion was decreasing more rapidly than that of districts with a
density of 6000—10,000 people/km” did. Districts with a population density
of 1000—3000 people/km* accounted for 16.3 % of the city’s total popula-
tion and their proportion was stable in 2002—2015. Those with a population
density below 1000 people/km® accounted for 4.7% of the total population
size, and their proportion was increasing over the studied period (table 1).

Table 1

Changes in population distribution in Saint Petersburg, 2002—2015 (%)

Population s
. District o % % %
density (2002, 2010) District 2015) | 5002 | 2010 | 2015
(people /km”)
>10000 Central Central
Kalininsky Kalininsky
Vasileostrovsky Vasileostrovsky
Admiralteysky Admiralteysky 3221304 1 39.3
Frunzensky Frunzensky
Nevsky
6000—10000 Nevsky Kirovsky
Kirovsky Moskovsky 22.6 | 223 | 19.6
Moskovsky Krasnogvardeysky
3000—6000 Krasnogvardeysky |Petrogradsky
Petrogradsky Primorsky
Primorsky Krasnoye Selo 25.1 1268 1 20.0
Krasnoye Selo
1000—3000 Vyborgsky Vyborgsky
Kronshtadt Kronshtadt
Kolpinsky Kolpinsky 1621 163 | 16.3
Petrodvortsovy Petrodvortsovy
<1000 Pushkin Pushkin
Kurortny Kurortny 4.0 4.2 47

*Compiled by the authors based on [3].
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General trends in population change were as follows:

1) Population density decreased gradually from the centre to the periphery.

2) Population distribution underwent slight changes — it increased only
in two districts of neighbouring types. In the Nevsky district, it grew from
6000—10,000 people/km® to 10,000 people/km® and, in the Krasnogvar-
deysky district, from 3000—6000 people/km? to 6000—10,000 people/km?.

2.3. Trends in population distribution

The population gravity centre and standard deviation ellipse for Saint Pe-
tersburg in 2002—2015 were calculated based on population data for the two
periods (fig. 5). The results show that, for both periods, the population gravi-
ty centres were found in the central district and no significant changes were
observed in this respect. However, in 2015, the gravity centre shifted north-
ward from the city centre. This is indicative of a higher population increase
rate in the northern districts. The obtained results correlate to the above data
on changes in population density.

@ cenire
e population focus, 2002
a population focus, 2015
[ standard deveiation ellipse, 2002 ., -
> rstandard deviation efipse, 2015 [T
district
rvar

Fig. 5. Spatial changes in the centre of gravity
and standard deviation ellipse in 2002—2015

Compiled by the authors based on [3; 4].
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The standard deviation ellipse shows a small deviation, which suggests that:

1) In 2002—2015, the principal population distribution area did not
change dramatically in Saint Petersburg. The standard deviation ellipses
includes the city’s core (the Central and Admiralteysky districts, most of
the Vasileostrovsky district, and the Petrogradsky district), as well as the
Moskovsky, Frunzensky, Nevsky, Krasnogvardeysky, Kalininsky, Vy-
borgsky, and Kirovsky districts). These districts constitute the territorial
core of economic and cultural development, being home to 68% of the
city’s population;

2) The deviation angle of the standard deviation ellipse is a slight — ap-
proximately 10° — deviation from north to east. The spatial distribution of
population in Saint Petersburg is dominated by the north-east — south-west
vector;

3) The major axis of the ellipses elongated over the period under con-
sideration. The distance increased towards northeast more significantly than
towards southwest. The major population distribution area was expanding
towards the periphery, primarily towards northeast and southwest. The diffu-
sion rate towards northeast is higher than towards southwest.

2.4. Analysis of transport network centrality

Figures 6—9 show that the transport network centrality changes from
high to low from the central through the suburban to the outer suburban
zone, i. e. it decreases from the centre towards the periphery. The highest
centrality is observed in the Central and Admiralteysky districts,
followed by the Kirovsky, Petrogradsky, and Primorsky ones, which are
characterised by shortest paths and busiest traffic. In other districts
(Vasileostrovsky, Vyborgsky, Moskovsky, Krasnogvardeysky, Nevsky)
and the outer suburban zone (Krasnoye Selo, Kronshtadt, Kolpinsky,
Petrodvortsovy, Pushkin, Kurortny district), the transport network
centrality is low.

The results of straightness centrality assessment are similar to those
of centrality. However, the spatial distribution centrality is broader than
that of betweenness centrality — the former spread to the entire suburban
zone and parts of the suburban zone (Krasnoye Selo, Kronshtadt, Pushkin
districts). This means that the spatial location of zones with high trans-
port efficiency is scattered and that of zones with heavy traffic is more
concentrated.
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Composed by authors based on [3; 4].

52



L. Xiaoling, A.A. Anokhin, A.V. Shendrik, X. Chunliang S

<&

F‘_):Mm Fl N 1

—— munigpal borders
road network

kemel density of 7
straightness centrality .

I
|:| 0+ 17,009, 12656
|: 17,009, 12857 - 34,018 25313

- 34,018.25314 - 51,027 37068

Bl 5o orer . e0006.500s

- 68,006 S0E28 . B8 048 BX281

Fig. 9. Kernel density of straightness centrality
of Saint Petersburg transport network (KDE)

Compiled by the authors based on [3; 4].

53



Economics and Social Economic Geography

iy
Y

2.5. Correlation between changes in population distribution
and transport network centrality

The analysis of the spatial distribution of population kernel density in
different years (2002, 2010, 2015) suggests that:

1) Areas with a high kernel density were associated with a high
transport network centrality. They were concentrated in the suburban zone.
The outer suburban zone did not demonstrate a tendency towards concen-
trated distribution.

2) The spatial distribution of kernel density is a polycentric structure.
Population distribution in the Central and Admiralteysky districts is the
densest. Moreover, the Kirovsky, Moskovsky, Frunzensky, Nevsky, and Vy-
borg districts also show a tendency towards concentrated population distri-
bution.

3) In 2002—2015, the area of kernel density expanded. In 2015, the out-
er suburban zone showed a tendency towards concentrated distribution.

4) The direction of spatial diffusion of kernel density in 2002—2015
corroborates the results of the analysis for the standard deviation ellipse: the
ellipse is stretched from northeast to southwest, which corresponds to the
direction of the city’s transport network development.

The analysis shows that there is a correlation between population kernel
density and transport network centrality. The results obtained suggest that:

1) Population density and transport network centrality show an average
correlation, and this dependence was increasing in 2002—2015.

2) The correlation between kernel density and straightness centrality is
higher than that between kernel density and betweenness centrality. This
suggests that, when choosing the place of residents, special attention is paid
to transport efficiency (fig. 10—12, table 2).

Table 2
Coefficient of correlation between kernel density
and transport network centrality
Population density Betweenpess Stralghtr}ess Average centrality
centrality centrality value

2002 0.40723 0.43997 162.0777

2010 0.49744 0.56788 162.7490

2015 0.50930 0.58589 172.9097

* Compiled by the authors based on [3; 4].
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Fig. 10. Kernel density in Saint Petersburg in 2002 (KDE)

Compiled by the authors based on [3; 4].
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3. Conclusions

Overall, it can be concluded that

1) In 2002—2015, the population of Saint Petersburg increased. As in
many other large cities, this process was accompanied by changes in popula-
tion distribution in the centre and the suburbs. Despite a continuing decrease
in population density gradient from the centre to the suburbs, changes in this
parameter over the period under consideration suggest an opposite trend: the
density increased the most in the suburban zone and decreased in the centre.

2) A specific feature of spatial distribution of population in Saint Pe-
tersburg is its northeast — southwest axis. The population gravity centre
shifted northward from the city’s centre over the studied period and the prin-
cipal population distribution area was expanding towards northeast and
southwest. The diffusion rate in the north-eastern direction was higher than
in the south-western one. Spatial features of the population growth in Saint
Petersburg, steady changes in the population gravity centre, and alterations
in the standard deviation ellipse are indicative of the post-urbanisation pro-
cess. They constitute a principal pattern of spatial development of large cit-
ies. Similar processes are observed in large Chinese cities, such as Beijing
[8] and Nanjing [15].

3) The centrality of Saint Petersburg transport network expectedly de-
creases from the centre to the outer suburban zone. However, the spatial dis-
tribution of the straightness centrality parameters is broader than that of the
betweenness centrality. A similar distribution pattern is observed in large
Chinese cities, for instance, Changchun [7].

4) There is an average positive correlation between the population den-
sity and the transport network centrality, and this correlation is growing. The
correlation between the population density and the straightness centrality is
higher than that between the population density and the betweenness central-
ity. This can be indicative of the propensity to base residential decision on
transport efficiency parameters.

Changes in population distribution suggest a complex combination of
various factors — the transport network, urban land use policy, environmen-
tal changes, and residential preferences. Studying the correlation between
spatial changes in population and numerous factors is of crucial significance
for understanding the laws of urban space development. The authors of this
article believe that the trends considered above will increase, which has to be
taken into account in urban planning in suburban districts, especially, in the
northeast and southwest of Saint Petersburg.

This research was supported by the National Natural Science Foundation of
China (41471141).
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