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Abstract: The rapid growth of cities significantly impacts the development of transport
and logistics infrastructure (TLI), creating substantial challenges for the transport network
and quality of life. To enhance the efficiency and sustainability of TLI, various approaches,
planning methods, and management strategies are employed at the city or agglomeration
level. The objective of this study was to investigate, using graph theory and correlation
analysis, the relationship between the polarity and logistic flow of the city’s meso-districts.
Based on these findings, recommendations for the development of the city’s transport
and logistics infrastructure were proposed. The logistic flow, influenced by social, eco-
nomic, institutional, and environmental factors, plays a critical role in the planning and
operation of transport and logistics infrastructure within each meso-district of the city.
The determination of the polarity of meso-districts was conducted based on expert assess-
ments by specialists, while the indicators of logistic flow were derived from the average
values of statistical data for the period 2021-2023. The results demonstrated that a reduc-
tion in the polarity of meso-districts—characterized by multilateral connections between
meso-districts and key indicators of logistic flows—can positively influence the quality
and accessibility of the city’s transport and logistic infrastructure. This approach enables
the identification of the most problematic meso-districts within the city, the mapping of
logistic flow directions, and the determination of strategic development pathways for
the city’s transport and logistics infrastructure (TLI). Furthermore, it was established that
the polarity of the meso-district graph reflects the state of traffic congestion within the
districts and its environmental impact. This correlation provides valuable insights into
refining the planning and development of the city’s TLI, ensuring a more sustainable and
efficient urban transport system. This study contributed to the development of the city’s
transport and logistics infrastructure by proposing a comprehensive model that enhances
the understanding and strengthens the interconnections between meso-districts and urban
logistics. The findings hold significant implications for urban planning, as they highlight
the necessity of a detailed consideration of the role of meso-districts, as well as targeted
investments in transport and logistics infrastructure to ensure its sustainable development
in the future.
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1. Introduction

In the context of urbanization, the constant increase in the volume of freight and
passenger flows within cities leads to significant challenges, including traffic congestion,
environmental degradation, and a decline in the quality of life. In order to solve them,
planning and rational placement of logistics and transport infrastructure in cities [1]; plan-
ning the movement of goods and passengers [2]; determining the location of urban areas,
socio-cultural and logistic facilities [3]; and applying corporate management and social
responsibility in the management of urban logistic facilities [4] all play significant roles.

One of the key challenges in urban planning is the inefficient placement of industrial,
socio-cultural, and administrative facilities, which significantly impacts the transportation
system and the quality of life of the population. The uneven and irrational distribution
of these facilities across the city and its surrounding areas can influence the direction of
development for transport and logistics infrastructure [5]. This is often due to the low
density and underdevelopment of logistics infrastructure [6], which not only affects the
movement of goods within the city but also impacts the urban environment [7] and last-mile
logistics [8].

Transport and logistics infrastructure has a significant impact on the quality of service
for freight and passenger flows in Kazakhstan, as well as on the increase in the number of
attracted tourist flows to the country’s tourist sites [9]. Evaluation of the efficiency of the
transport infrastructure in Kazakhstan shows a decline in its indicators. For example, in
the IMD World Competitiveness Ranking by the “Infrastructure” criterion in 2023, there
has been a deterioration in Kazakhstan’s indicators (a decrease from 46th to 47th place)
among 67 countries in the world [10]. In the Logistics Performance Index (LPI) of the
World Bank, Kazakhstan ranked 79th among 138 countries in 2023. Of these, according
to the “Quality of Transport Infrastructure” criterion it was ranked in the 80th place (in
2018—81st place) [11]. In the latest version of the Travel and Tourism Development Index
(TTDI) for 2021, Kazakhstan ranked 66th out of 117 countries [12] overall and for “Ground
and port infrastructure”—air transport, roads, railway lines and stations—80th place, and
“Air transport infrastructure”—capacity of airlines, number of destinations—73rd place.

The problems of transport and logistics infrastructure in large cities of Kazakhstan
(Astana, Almaty and Shymkent) are insufficient integration of suburban areas, congestion
of the transport network, insufficiency and uneven distribution of logistic, industrial, socio-
cultural and trade facilities throughout the city. These problems can be solved by the
presence of an intelligent transport system (ITS), smart traffic lights, logistic services for the
distribution of small loads through self-service terminals [9], etc.

The city of Astana, located on the Ishim River, on an area of 797.33 square kilometers,
was chosen as the object of this study. Currently, the city’s population is more than
1.50 million people, but the city is developing dynamically, and by 2035, the estimated
population will be 2.5 million people [13]. Due to the active population growth, the need for
housing, connection links and communications is growing. The growth of the population
and the number of transportation, socio-cultural (restaurants, cafes, schools, shops, etc.),
tourist and administrative facilities are proceeding at a high rate, outpacing the growth of
the transport and logistics infrastructure.

Astana and its suburbs are a monocentric agglomeration. However, the new general
plan for the development of Astana until 2035, adopted in 2023, provides recommendations
for the development of a polycentric urban development concept [13].

The new concept provides for an increase in the length of streets and roads, the
number of bus stations, railway stopping stations, and the completion of a light rail line.
It is planned to increase from 2024 to 2035 the density of the street and road network
(km/ kmz)—from 4.4 to 5.2; the number of cars (thousand units)—from 347.2 to 583.9;
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the level of motorization (cars/thousand residents)—from 235 to 260; and the number of
automobile interchanges at different levels—from 24 to 41. Over the past three years (2021-
2023), there has been an increase in freight turnover by an average of 12.3%, passenger
turnover—3.5%, tourist flows—40.6%, the number of personal cars—16.1%, retail trade—by
23.6% per year.

As can be seen from these data, the multiple increases in transport, logistic, retail and
freight turnover indicators in the coming years cannot be achieved without significant
development of the existing and the creation of new transport, logistic and trade capacities.
This will require new approaches to the research and development of a strategy for the
development of transport and logistics infrastructure in large cities.

Despite numerous scientific developments on the choice of location of transport and
logistics facilities in cities, their planning and design, as well as the assessment of the
effectiveness of their activities, it can be stated that the existing solutions to the scientific
problem around organizational and methodological support for the formation of logistics
infrastructure in cities requires more detailed study [14].

The localized approach to addressing problematic areas of logistics infrastructure
within individual cities or districts fails to optimize material and human flows across
the logistics infrastructure as a whole. This approach disrupts the efficiency of supply
chains, limits the overall effectiveness of urban logistics, and creates issues such as an
uneven intensity of transport flows and imbalanced development of the city’s logistics
infrastructure (CLI) [6,7,14,15].

From our point of view, this is due, firstly, to the specifics of the functioning of logistic
infrastructures in cities related to servicing cargo and passengers and their impact on
the environment. Secondly, a significant limitation lies in the methodological toolkit,
which lacks scientifically grounded criteria for evaluating the rational placement of logistic
facilities. This deficiency has shaped the choice of research objectives and tasks. In the
context of limited urban space, high population density, and the complex structure of
transport and logistics infrastructure, this issue demands a scientifically justified approach
that takes into account multiple factors influencing the selection of locations and the
efficiency of the logistic system [14,16].

Currently, large cities are facing a significant shortage of high-quality transport and
logistics infrastructure, necessitating the development of smart city infrastructure and
intelligent systems for urban logistics [17]. This issue continues to worsen annually, with
increasing costs for accessibility, further deteriorating the quality of life [18].

To solve the problem, the issue of proper planning of the development of TLI is
becoming acute, based on the capacity and sources of logistic flows, their location and
functioning. At the same time, the location of most buildings in meso-districts without
internal streets indicates insufficient transport accessibility inside [10]. Because of this,
the entire load falls on the main streets along the perimeter, without the possibility of
distributing vehicles along smaller streets.

Modern theoretical and empirical research on the development of a city’s transport
and logistics infrastructure (TLI) using graph theory or other methods primarily focuses
on macroeconomic and fragmented analyses of large cities, often insufficiently accounting
for intra-urban logistic flows. These studies frequently overlook the actual configuration
and location of social, industrial, institutional, and environmental infrastructure facilities
within the city. Empirical research requires consideration of the configuration, density,
and other factors specific to the urban territory, as well as their interrelation with TLI
accessibility. Existing studies employing graph theory methods do not incorporate all
factors characterizing urban logistic flows, nor do they explore the relationships between
meso-districts and the accessibility of social, industrial, institutional, and environmental
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infrastructure facilities and their impact on TLI development. These gaps lead to distortions
in planning processes and reduce the sustainability of TLI development.

The purpose of this study was to use graph theory to improve methodological tools
for the formation and development of urban logistics infrastructure using the example
of Astana (Kazakhstan). This study focuses on determining the relationship between the
location of city logistics infrastructure facilities in the city’s meso-districts, their impact on
the availability of TLI, and, based on this, identifying the direction of its development.

The originality of our research lies in the integrated consideration of transport, socio-
economic, institutional, and environmental factors for the development of transport and
logistics infrastructure (TLI) at the level of individual meso-districts, rather than solely at
the city-wide level. This approach takes into account the transport, urban planning, and
functional characteristics of each specific territory (meso-district).

This study focuses on the objects of the transport and logistics infrastructure that en-
sure the full functioning of the process of transportation of goods and passengers: economic
(transport, logistics, industry, trade, information and communication); social (social-cultural
objects); institutional (government bodies, financial and insurance institutions, market-
ing organizations, etc.); and environmental (land resources, the presence of municipal
waste and emissions of pollutants into the atmosphere, environmental costs) related to
the group of system-forming factors influencing the development of the transport and
logistics infrastructure.

2. Literature Review
2.1. Theoretical Approaches to the Formation of a City’s

Transport and logistics infrastructures play a vital role in the functioning of a city,
influencing the efficiency and availability of cargo and passenger transportation and the
city’s attractiveness for tourists. Most publications on freight or passenger transportation
in urban areas consider the activities of shippers or carriers, planning and routing of
delivery vehicles, planning freight distribution, and optimizing passenger flow [19,20].
Transportation is carried out throughout the entire city, but due to the differences in the
density of land use in each part of the city, organizational and technological solutions for
TLI also differ.

In studies [20-22], two- and three-tier hub planning systems are presented, where
the first tier is located on the outskirts of the city, the second tier in the city center, and
the third tier in consumer districts. The authors argue that such a multi-tier hub system
enhances the motivation for competitors to collaborate and reduces the transport burden
on the urban environment.

Applications in cities of intermodal logistic platforms [22], innovative technologies (in-
formation and communication technologies) [23], and intelligent transport systems [24,25]
contribute to the implementation of effective measures for the placement and management
of transport and in urban logistics. Among the studies that reveal to one degree or an-
other the problems of forming a logistics infrastructure, the works of D.]. Bowersox, D.]J.
Kloss [26], M. Christopher [27], ]. Mangan [28] and others should be consulted. One of
the modern approaches to building a logistics infrastructure in a limited area was pro-
posed by the American economist E. Hoover [29] and generalized by Russian scientist
V.I. Sergeev [30]. The issues of designing effective logistic distribution and warehouse
networks are considered in the works [31,32].

During the practice of creating logistics infrastructures in the city, the joint functioning
of elements of the logistics infrastructure in individual administrative—territorial entities
of the city often remain uncoordinated, which leads to disproportion in the development
of the CLI [33]. In the formation of the logistic system and its infrastructure, a certain
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role is played by the integral paradigm, in which, at present, the concept of supply chain
management (SCM) is becoming relevant. SCM in the framework of this study is applied
in the management of flows through functional objects of social, economic and institu-
tional infrastructure.

Transport infrastructure plays a pivotal role in shaping the urban spatial structure,
evolving over time under the influence of urbanization processes. While industrial parks
previously dominated, there is now a shift toward commercial centers [34]. One of the
contemporary challenges is the growth of e-commerce, which has led to an increase in the
number of distribution centers within cities. In response, a new framework for integrating
freight transportation, urban land use, and infrastructure management is proposed [5].
This integration is grounded in the principles of economic geography, including location,
agglomeration, and urbanization, as well as spatial analysis and clustering methods to
identify optimized zones for freight movement [35].

Tourism also exerts a positive influence on the development of urban logistics by
fostering improvements in public transport and traffic flow management. Ensuring sus-
tainable transport and tourist flows necessitates the establishment of integrated logistics
centers, the development of urban light rail systems, and the management of urban traffic
flows with consideration for tourist activity. Additionally, it requires the development of
rural areas adjacent to cities [36-38].

Thus, the city’s transport and logistics infrastructure have a complex impact on cargo
transportation, passenger traffic and tourism development. The issue of planning and
developing transport and logistic facilities in the city should take into account not only
external factors, but also the placement and interconnection of facilities located within the
city’s meso-districts, which affect sustainability, environmental friendliness and quality of
service, and are key to creating a comfortable urban environment.

The analysis of scientific literature has revealed a substantial body of work proposing
mathematical methods, models, and approaches for determining the optimal location of
transport and within cities or regions. The methods for identifying the location of logistic
facilities can be categorized into two main groups:

1.  Simple Methods and Models: These include the Ardaldn method for warehouse
location optimization [39], Ruttan’s model of the optimal market service area [40], and
methods of commercial attraction and center of gravity [41]. These approaches rely
on a significant number of assumptions and provide a rapid assessment of potential
logistics infrastructure.

2. Complex Methods and Models: These encompass network modeling methods for
optimizing the location of logistic facilities [42], discrete and continuous optimiza-
tion [43], and graph theory [44-47]. These methods offer more advanced and detailed
analyses, enabling a comprehensive evaluation of logistics infrastructure placement.

The limitations of these methods include the constraint of space to graph nodes
and low computational efficiency when dealing with a significant number of potential
locations for key components of transport and warehouse infrastructure. The models and
methods for selecting the optimal location of logistics infrastructure facilities provide only
approximate solutions and do not simultaneously allow for determining their capacity
or the type of goods handled [14]. Furthermore, they fail to account for the relationship
between the configuration of a specific region or city and its development indicators.

When there are significant number of possible locations of facilities, approximate
heuristic methods are used [48]. These methods allow for obtaining a location of the
network of transport and warehouse infrastructure facilities close to the optimal one “in a
reasonable time”.
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To solve the problems of the functioning of the logistics infrastructure and the for-
mation of its development vectors, the application of graph theory, which integrates the
analytical capabilities of logistics and mathematical analysis, is of interest. The appli-
cation of graph theory to the problem of the layout and placement of objects has been
widely studied [46,47]. At present, there are many methods in graph theory for solving
general problems. Authors who applied graph theory in the formation and evaluation of
individual aspects of logistic systems [26,27,30] solved various problems in logistics. In
studies [49,50], the application of graph theory has been proposed for developing meth-
ods to identify strategic directions for the development of a city’s logistic infrastructure
(CLI). This approach is based on dividing the urban territory into small territorial units—
meso-districts—characterized by similar levels of infrastructure development. However,
this approach lacks a methodology for selecting parameters to define the boundaries of
meso-districts, and it requires extensive data and complex computational algorithms.

The conducted analysis of scientific literature allowed us to identify a significant
number of works that propose mathematical methods and models or approaches to de-
termining the location of a network of warehouses, transport and logistics terminals in a
region [14]. To select indicators in each group of factors, an analysis of the most frequently
used indicators was conducted.

From the presented review, it is evident that the application of graph theory optimizes
transport flows and identifies directions for the development of a city’s transport and logis-
tics infrastructure (TLI) [47,49-52]. However, empirical data indicate that the relationships
between the polarity and logistic flows of the city’s meso-districts remain unexplored in
existing research.

The relationship between the accessibility of infrastructure facilities (social, industrial,
institutional, and environmental) and the capacity of TLI exhibits both linear and nonlinear
characteristics. Increased accessibility (polarity of facilities) of TLI leads to enhanced
capacity. The nonlinear aspect of this relationship reflects congestion in TLI, resulting in
reduced capacity. Therefore, the direction and strength of these relationships influence the
efficiency of urban logistics, population mobility, and overall quality of life. Based on this,
the following hypothesis is proposed:

H1. There is a relationship between the city’s meso-districts, characterized by the logistic flow of
infrastructure facilities and the accessibility of TLI.

2.2. Model of Development of Transport and Logistics Infrastructure of the City

The organizational and functional model of the CLI, which uses a systems approach as
its basis, presented in the work [51], consists of social, economic and institutional spheres,
which are coordinated with each other by the city’s logistics infrastructure.

One of the most important structural components of urban logistics is the system
of goods and passenger movement along with its infrastructure, i.e., the logistics infras-
tructure of freight transportation in the city and the logistics infrastructure of passenger
transportation in the city. The basis of the logistics flow in the city is the totality of material,
information, financial and other flows that circulate within the urban area and are associ-
ated with the movement of goods, services, passengers, transport and resources. Factors
influencing the logistic flow of the city include the following: transport and logistics infras-
tructure, geographic location, technology, urbanization and demography, environmental
requirements, and e-commerce [32].

The key task of the TLI is to optimize logistic flows in the city. Optimization of
logistic flows involves, first of all, improving the planning of the placement of economic,
socio-cultural, and logistic facilities; developing infrastructure; integrating technologies;
and greening processes [52-55]. Figure 1 presents a model of the city’s transport and
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logistics infrastructure, which incorporates four levels of coordination (economic, social,
institutional, and environmental) and two subsystems (freight transportation and passenger
logistics). Table 1 provides a systematization and classification of each element of the model,

accompanied by descriptions and analyses based on literature sources.

Economic Social

infrastructure

Institutional

infrastructure infrastructure

Ecological

infrastructure

Transport and logistics infrastructure of the city

Infrastructure of the logistics

system of goods movement

Infrastructure of the passenger

traffic logistics system

y v v

Cargo turnover, goods

turnover (retail, wholesale)

—> Logistic flow ] Passenger turnover

Figure 1. Scheme of the model of transport and logistics infrastructure of the city.

Table 1. Description of the components of the city transport and logistics infrastructure model.

Component Description References
FEconomic Focuses on trade, transportation, tourism and manufacturing. Includes
. two- and three-level distribution centers, e-commerce hubs and [22,23,34,37,52,54]
infrastructure . .
industrial zones
Social Covers public services, health care, education and cultural institutions.
. . . s . [35-38]
infrastructure Ensures quality of life and accessibility for residents
Institutional Includes governance, financial institutions, public safety, supply chain
. management (SCM) and intelligent transportation systems (ITS). [33,50,54,56,57]
infrastructure : .
Supports regulatory frameworks and funding mechanisms
Ecological Manages natural resources, waste management systems and
. & sustainable development. Includes “green” logistics and emission [48,55,56,58,59]
infrastructure . .
reduction strategies
. Optimizes cargo logistics through multi-tier hubs (e.g., city
inlggztt;jgﬁzrt distribution centers, satellite platforms). Integrates “last mile” [13,16,30,49,56,60-62]

solutions and warehouse networks

Passenger logistics

infrastructure

Improves public transport, tourist flows and intermodal connectivity.
Uses light rail, Mobility as a Service (MaaS) and traffic
management systems

[36,57,63-65]

Economic infrastructure: Economic infrastructure plays a pivotal role in facilitating
material flows and fostering the economic development of a city [22,37]. Modern ap-
proaches enable the optimization of freight transportation and reduce the burden on the

transport network [33].
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Social infrastructure: Social infrastructure is crucial for creating a comfortable urban
environment, promoting the development of public transport and tourism, and enhancing
mobility and transport accessibility [34-36].

Institutional infrastructure: Institutional infrastructure ensures regulatory frameworks
and funding for the development of transport and logistics infrastructure [32,64], enabling
effective coordination of infrastructure development.

Environmental infrastructure: Environmental infrastructure plays a key role in establish-
ing a sustainable urban environment. The implementation of green logistics [59] and efficient
waste management [57] contribute to reducing the negative impact on the environment.

Freight transport infrastructure: Freight transport infrastructure is focused on optimiz-
ing logistics flows. Multilevel logistic systems [13,15,27], modern technologies [16], and
sustainable solutions [48,57] enable the optimization of freight transportation and reduce
the environmental impact.

Passenger logistics infrastructure: Passenger logistics infrastructure plays a crucial
role in enhancing population mobility and the city’s attractiveness. The development
of public transport [36,60], tourism [37,38], intelligent transport systems (ITS), smart city
systems, and the integration of passenger and freight flows [56,61] contribute to improving
the quality of life.

Thus, the model of urban transport and logistics infrastructure integrates economic,
social, institutional, and environmental aspects, enabling the creation of a sustainable and
efficient system.

The task of developing transport and logistics infrastructure in the urban environment
is to manage logistics. The management of logistics flow will contribute to solving the
problem of economic development of the city, improving transport accessibility, ensuring a
positive social impact (meeting the needs of the population and improving the quality of
life of people), and enhancing urban infrastructure and planning (optimal placement of
facilities and cost reduction) through the development of TLL

The location of social, industrial, institutional, and environmental infrastructure facili-
ties within the city’s meso-districts, as well as the nature of their relationship with logistic
flows and TLI accessibility, significantly influence the optimality of their placement. These
factors can determine their interconnections, identify bottlenecks, and highlight opportu-
nities for improving transport and logistic infrastructure. In this context, the following
hypothesis is proposed:

H2. The TLI model facilitates the selection of directions for their placement and development,
enabling more efficient management of logistic flows.

3. Materials and Methods

The study of the development of TLI was carried out in a sequence that included the
following stages.

Stage 1. Determination of indicators reflecting the work of TLI elements.

In the first stage, we selected indicators influencing the TLI from various literary
sources. The calculation of the correlation matrix for the variables included in the analysis
allowed for the identification and exclusion of dependent (interrelated) parameters, as well
as the determination of the 14 most significant indicators as follows:

(1) Economic factors: Volume of innovative products (VIP), billion tenge/year; volume
of sales of goods and services (retail and wholesale trade, food, vehicle maintenance
and repair) (VSGS), billion tenge; volume of industrial production (VIPn), billion
tenge/year; number of business entities (NBE), thousand units; transportation of
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freight and baggage (TBG), thousand tons; number of passengers transported (NP),
million people/year;

(2) Social factors: Volume of services rendered (VSR), billion tenge/year; average an-
nual population (AAP), thousand people; number of social and cultural facilities
(NSCF), units;

(8) Institutional factors: Number of subjects of public administration and defense; com-
pulsory social security (NSPA), units;

(4) Environmental factors: Land resources (LR), billion tenge; volume of collected munic-
ipal waste (VCMW)), tons; emissions of pollutants into the atmosphere (EPA), tons;
environmental protection costs (EPC), million tenge.

Data collection was conducted using statistical data from the Bureau of National
Statistics of the Republic of Kazakhstan (BNS RK) for the period 2021-2023, providing a
more stable overview and enabling the consideration of short-term trends while avoiding
significant fluctuations.

Stage 2. Division of the city territory into meso-districts.

In developing methods to identify strategic directions for the development of a city’s
logistics infrastructure (CLI), an approach based on the decomposition of the urban ter-
ritory into small territorial units—meso-districts—was employed. These meso-districts
are characterized by similar levels of economic, social, institutional, and environmental
infrastructure. Within the study, the city’s meso-districts are treated as vertices of a graph,
with nodal elements represented by industrial, social, institutional, and environmental
infrastructure facilities. The connections between these elements are modeled as edges.

For a more detailed analysis of the logistics infrastructure, based on the graph theory
proposed in the work [49], we divided the city core into meso-districts, based on the
historical features of the development and location of the basic objects of the logistics
infrastructure: buildings (low-rise, high-rise, residential area, non-residential), recreational
potential, industrial potential, institutional and commercial center, transport potential
(transport hub, transport communications center).

The division of the city territory into meso-districts is shown in Figure 2.

The essence of the algorithm for calculating the poles and vectors of a city graph is
that for each point N of a graph G, the minimum distances from this point to all points
of the graph under consideration are calculated [44,66]. The maximum value is then
selected among all the minimum distances between points—as a result, the value R(N) is
determined, characterizing this point in the graph G [67]. Among the possible values of
R(N), the minimum value is selected, which is the radius M of the graph G. The centers of
the graph under study are the points at which the value of R(N) is equal to the value of
M [44]. The center is found to be one of the elements of the adjacency matrix DV, the value
of the i, j-th element of which is—i, j is the shortest distance from the vertex i to the vertex j.

ai; a4 o A
a a .. a

pN — 2 22 n (1)
4ij  4ij e dp

where i, j are the elements of the adjacency matrix, the values of which are equal to the
number of paths (edges) from the i-th vertex of the graph to the j-th vertex.

For each pair of points i, j, the minimum distance L(i, j) between them is considered.
The maximum among the values of L(j, j) is the diameter of the graph. Calculations are
carried out in a similar manner for all vertices a;; of the graph. For each point, the minimum
distance from all points of the graph is calculated ([49], p. 34). The maximum among the
minimum values of distances is selected. Accordingly, this algorithm can be expressed by
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WH aybine

Formula (2). When determining the diameter of the graph, defined by the adjacency matrix
DN, the largest distance from Expression (3) is determined:

M,BB(X) = min{M, BB (i)} @)

M,BB(X) = max{M, BB (i)}, (©)]

where: M, BB(X) is the minimum distance between the vertices of the graph and M,BB(i)
is the maximum distance between each pair of vertices of the graph.

3 5 >
2 5834’“’3»7 7, v‘&
% Ondiris Highway 2 >
3
=0
2
O,
®
£
% Shubar
[
o

Almaty

“**Ishim River

Lake Maybalyk

Figure 2. Division of the urban area into meso-districts (using the city of Astana as an example),
where 1-21 are the city’s meso-districts.

In an undirected graph, each edge between two vertices simultaneously reflects both
positive and negative influences, as it accounts for both incoming and outgoing flows. To
analyze the primary directions of logistic flows, an adjacency matrix is constructed, which
enables the identification of direct interconnections between the city’s meso-districts at
various levels of analysis.

Figure 3 illustrates the adjacency structure of the graph for the city of Astana, calculated
using the Excel software environment. This division can be used to determine the model
of development and management of the CLI and to determine and calculate the shortest
route of movement of a vehicle during transportation and distribution of goods throughout
the city.

To assess the accessibility of social, industrial, institutional, and environmental in-
frastructure facilities within each meso-district, the method of determining graph poles
was employed. In this study, polarity refers to the degree of accessibility of key vertices
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in the meso-district graph to urban infrastructure facilities, which is evaluated based on
accessibility metrics [51].
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Figure 3. The adjacent structure of graph G of the core of a city model (using the city of Astana as
an example).

The main point of Table 1 is to determine the most congested and densely populated
meso-districts of Astana. For this purpose, the indices of congestion of meso-districts
by enterprises and institutions were determined empirically. The congestion index was
determined within the range from 0 to 6.

The population of the city’s meso-districts, their territorial distribution and connectiv-
ity with other districts, as well as their provision with industrial, social, institutional and
environmental infrastructure facilities were taken into account. For the study, 12% of the
base infrastructure facilities were selected from the total number of entities (3250 units),
which is sufficient to characterize the objects under investigation. Thus, the sample size
amounted to 390 units, with a desired confidence level of 95% and a permissible error
margin of 5%.

The relationship between the polarity of the city’s meso-districts (the degree of ac-
cessibility of meso-districts to urban infrastructure facilities) and the logistics flow of
meso-districts was evaluated using the following indicators: 1—polarity of meso-districts
in relation to each other, 2—polarity of credit and financial institutions, 3—polarity of ad-
ministrative institutions, 4—polarity of security service facilities, 5—polarity of children’s
educational institutions, 6—polarity of public utilities facilities, 7—polarity of healthcare
facilities, 8—polarity of social service facilities, 9—polarity of pre-school educational institu-
tions, 10—polarity of cultural and educational institutions, 11—polarity of sports facilities,
12—polarity of recreational facilities not related to the previous categories, 13—polarity of
industrial enterprises, and 14-17—polarity of commercial and trade facilities (shopping
and entertainment complexes, shopping centers, wholesale bases, business centers).
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BB

The expert evaluation process involved the formation of an expert group comprising
15 specialists. The congestion index was defined on a scale from 0 to 6 points (where a
higher score indicates worse accessibility). Data processing and analysis were conducted
using the weighted sum method.

The polarity of meso-districts was assessed based on accessibility to key infrastructure
facilities. The criteria for evaluating polarity included social and economic (industrial
and business infrastructure), institutional, and environmental infrastructure. Sampling
was performed using a combined method based on the following parameters: stratified
sampling (meso-districts), geographical coverage (center, periphery, suburbs), functional
zones (industrial zones, residential areas, commercial centers), and transport accessibility
parameters. Table Al presents the data from the experts’ evaluation of the polarity of
meso-districts in Astana, along with descriptive statistics for the polarity indices examined
in this study. The standard deviations across all meso-districts are relatively low (below
5%), indicating a stable level of participation in the analyzed area. Figure 4 presents a
heat map of Astana, constructed based on the average value of polarity (AVP). The colors
correspond to the AVP values, where the brighter the color, the higher the value.
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Figure 4. Heatmap of Astana city by AVP indicator.

The significance of indicators reflecting the relationship between the meso-districts
of Astana was assessed. Table A2 of Appendix A presents the results of the assessment of
significant correlation indicators by p-value: p < 0.05; p < 0.01; p < 0.001.

The algorithm for calculating the poles and vectors of a city graph involved the following
process: 1. collecting statistical data on the city’s; 2. analyzing the data; and 3. software
processing of the data and obtaining the result. The initial data are given in Table A3.
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4. Results

The heterogeneity of indicators influencing the activities of the TLI (Table 2) by meso-
districts confirms the unevenness of the planning and distribution of the infrastructure in
the city of Astana.

In the paper, meso-districts are classified in relation to the average city indicators
of paid, commercial and household services per capita. As can be seen from Table 2, a
number of meso-districts have significantly larger volumes of these services than other
meso-districts, which allows them to concentrate material, human and other flows from
less “provided” meso-districts. The vertices of the graph are the meso-districts of the city
under study, the nodal objects are the economic, social, institutional and environmental
infrastructure, and the edges are the communications between them.

From the analysis of Table 2 it is evident that the structures of indicators for each of
the four administrative districts of Astana (Yesil, Almaty, Saryarka and Baikonur) differ
greatly in the total volume for each indicator.

Table 2. Logistic flow of the city of Astana.

l\g’lsxecf: VIP VSGS VIPn NBE TBG NP VSR AAP NSCF NSPA LR
1. Yesil district

1 224 5558 590 108 11902 195 1784 425 197 162 260

2 215 4323 564 84 11384 182 1710 580 269 21 314

3 205 2779 538 54 10867 235 1632 503 233 192 205

4 195 1544 513 30 10349 254 1554 657 304 25.1 6.8

5 048 4631 128 9.0 2587 241 391 580 269 22.1 55

6 058 5558 154 108 3105 135 468 657 304 25.1 41

7 036 6484 77 125 1552 175 236 464 215 177 423
Total of 1 9.80 30875 2564 59.7 51746 1417 7775 3866 1790 1474 1366
Shareby1,% 296 384 130 286 33 290 350 292 277 04 586

2. Almaty district

8 044 4503 1432 212 264903 213 929 755 298 103 41

9 042 4925 1367 232 252862 233 887 576 227 7.9 33

10 040 985 1302 46 240821 313 845 863 341 1.8 21

11 036 1266 1172 60 216739 258 760 755 298 103 24

12 038 2392 1237 113 228780 205 803 648 256 8.8 53

Total of 2 202 14071 6509 663 1204106 1222 4221 3597 1420 491  17.2
Share by 2, % 6.1 175 330 317 77.7 250 190 271 220 14.0 7.4

3. Saryarka district

13 808 1832 1253 83 98638 212 1244 516 246 16.3 14

16 851 1401 1355 64 10,6636 155 1345 516 246 163 21

17 149 1616 237 73 18661 279 237 620 295 196 35

18 213 2586 339 117 26659 137 337 826 394 26.1 44

19 106 3340 169 152 13329 145 169 964 459 305 118

Total of 3 2127 10774 3353 489 263923 928 3332 3442 1640 1088  23.1
Shareby3,% 643 134 170 234 17.0 190 150 260 254 0.3 9.9
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Table 2. Cont.
No.. Meso- VIP VSGS VIPn NBE TBG NP VSR AAP NSCF NSPA LR
Districts
4. Baikonur district

14 0.00 296.2 277.3 4.1 1139.4 35.9 261.4 58.7 40.3 11.4 9.5

15 0.00 419.6 262.7 5.8 1079.4 31.2 247.7 49.3 33.8 9.6 14.0

20 0.00 715.8 109.5 9.9 449.8 35.2 103.5 54.0 37.0 10.5 9.5

21 0.00 1036.7 80.3 14.3 329.8 29.7 76.0 72.7 49.9 14.1 23.0
Total of 4 0.00 2468.4 729.8 34.1 2998.4 132.0 688.7 234.6 161.0 45.6 56.2
Share by 4, % 0.00 30.7 37.0 16.3 1.9 27.0 31.0 17.7 249 0.1 24.1
iOtiligl}’ 33.1 8040.5 19724  209.1 154,975.9 488.7 22219 1325.1 646.0 351.0 233.1
ivelf‘zgle 1.6 3829 939 100 73798 233 1058 631 30.8 16.7 111
SD 2.3 228.8 73.3 5.1 9763.5 6.6 68.5 13.7 7.8 6.4 11.0

SE 0.51 49.9 16.0 1.12 2130.5 1.44 149 3.0 1.71 1.40 2.40

RL 1.05 104.1 33.3 2.3 4444.3 3.0 31.2 6.2 3.5 2.9 5.0

Source: Data from the Bureau of National Statistics of the Republic of Kazakhstan. Note: (1) Meso-districts:
Saryarka—13, 16, 17, 18, 19; Almaty—S, 9, 10, 11, 12; Yesil—1, 2, 3, 4, 5, 6, 7; Baikonur—14, 15, 20, 21. (2)
SD—standard deviation, SE—standard error, RL—reliability level at 95.0%.

The structure according to the VIP indicator is by districts (in %): Yesil—30; Almaty—®6;
Saryarka—o64; Baikonur—0.01; VSG5—38.4, 17.5, 13.4, and 30.7; VIPn—13, 33, 17, and 37;
VSR—35, 19, 15, and 31; and TBG—3.3, 77.7, 17, and 1.9. The structure of land resources
(VCMW and EPA), respectively, is 10 and 4; 6.0 each; 3.0 each; 82 and 87. The structure of
the EPC, respectively, is 56.0, 2.0, 10.0 and 32.0.

The highest level of concentration of services rendered is in the Yesil district. These
are the very same meso-districts that belong to the left bank (the new city center, the south
and southwest in Figure 2), and where the largest number of city residents is. The highest
level of transported cargo is in the Almaty district (78%), less than the VSR (19%). The
highest level of concentration by NSPA and by NSCF is in the Yesil district—42 and 28%,
respectively. The highest level of VCMW and EPA is in the Baikonur district—82 and 87%,
respectively, although they have relatively low EPC (32%).

The results of the analysis shown in Table 2, Figures 2 and 3 indicate that a high
concentration of VIP is observed in the old city center (mesorieties 13 and 14), and a high
concentration of VSGS is found in the southwest (mesorieties 6 and 7) and on the northern
outskirts (20 and 21). A high density of VIPn is found in the northeast (14 and 15), southeast
(8,9, 10, 11 and 12) and the old center (13, 14, 16) of the city.

High volumes of freight traffic are observed in the southeast (8, 9, 10, 11, 12 and 13)
and northeast (16) of the city, which is explained by the absence or insufficiency of transport,
logistics and distribution centers in other areas of the city. High passenger traffic density
is in the center (10), the old center (14) and on the outskirts of the city—the north and
northeast (15, 20 and 21)—which is explained by the pendulum movement of the workforce
from residential areas to the city center for work.

The high density of public institutions in the new city center in meso-districts 14,
as well as in the old city center (13, 14, 15 and 16), indicates a high concentration of
objects in these meso-districts. The population is distributed relatively evenly, except for
the meso-districts, where the high density is in the southeast (8, 10 and 11) and in the
northwest (18 and 19). A high density of socio-cultural facilities is found in the northwest
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(18, 19), northeast (14-15) and north (20, 21), and government and financial institutions
are concentrated in the new—in the south and southeast (2, 4, 6)—and old (17, 18, 19) city
center. The largest share of land resources for the development of infrastructure facilities
is in the south (1-3), in the new center (7), in the northwest (19), in the north (21) and
northeast (15). In the central part of the city there are no land resources for the construction
of large logistic facilities.

The results of the analysis of Table A1 (Appendix A) show that the locations of
infrastructure facilities in the city’s meso-districts significantly affect the availability of
TLI both in local and neighboring meso-districts for all values of the coefficients in the
correlation matrix (Table Al). Comparison of the locations of meso-districts (Figure 2)
and their correlation coefficients shows that neighboring meso-districts have a strong
connection (from 0.53 to 0.98) (highlighted in red in Table 1). Those meso-districts that are
located between themselves through one or two meso-districts also have a close connection
from 0.47 to 0.90 (highlighted in yellow). Meso-districts located on the outskirts of the
city have a weaker connection with meso-districts at the other end of the city and with
the central meso-districts. That is, the meso-districts located on the outskirts of the city
have a smaller connection with the central meso-districts—they have a connection with
coefficients from 0.41 to 0.83 (highlighted in green, for example, A2 with A10-A20, A7 with
A11-A21 or A16 with A11-A15, A8 with A17-A21, A9 with A16-A21, respectively). This
circumstance suggests that geographically nearby meso-districts have a greater influence
on the development of transport and logistics infrastructure with a coefficient of 0.53
and higher (p < 0.01 and p < 0.05) than those meso-districts that are located further from
the center.

This study revealed that the lowest polarity (Figure 5) is observed in the historical
center of Astana (meso-district 16) and the Yesil district (meso-districts 5 and 6).
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Figure 5. The capacity of the road transport network and the average polarity of the meso-districts of
the city of Astana, where the numbers and names of the meso-districts are marked on the horizontal
axis and the number of cars on the vertical line.



Sustainability 2025, 17, 2486

16 of 26

We have identified the following relationship between the capacity of the road trans-
port network and the average polarity of infrastructure facilities in meso-districts:

1. For meso-districts with a polarity below 3.0, the capacity of the road transport network
and the average polarity of infrastructure facilities demonstrate a correlation of 0.51.
This indicates that increased accessibility of infrastructure leads to enhanced transport
capacity in such meso-districts.

2. For meso-districts with above-average polarity (greater than 3.0) and TLI accessibility,
a negative relationship is observed (correlation coefficient of —0.31), suggesting con-
gestion in TLI for these meso-districts. These relationships support our Hypothesis 1,
although such dependencies have not been identified in the existing literature.

Less connection between the outlying meso-districts with the central meso-districts
indicates the functional and spatial hierarchy of the urban area. This phenomenon indicates
several aspects: (1) Poor transport accessibility: outlying areas are usually provided with
worse transport infrastructure compared to the central parts of the city, which leads to lower
connectivity. (2) Geographic isolation: large distances and the lack of developed transport
hubs complicate communication with the city center. (3) Mono-centricity of development:
peripheral meso-districts do not have their own local centers and depend on the central
meso-districts.

5. Discussion of Results

The method of determining the poles of the meso-district graph aids in identifying the
directions of logistic flows [51] and managing transport connections [52] (Table 2). Flows
move from meso-districts with high accessibility to those with lower accessibility, enabling
the determination of freight movement vectors and their intensity, taking into account
population density and infrastructure provision.

This study revealed that the meso-regions with the lowest polarity remain the meso-
regions of the right bank of Astana (Baikonur—14, 15, 20, 21, with a polarity index of 3.6;
Saryarka—13, 16, 17, 18, 20, with a polarity index of 3.3). The highest flow load index is
6. Low polarity indicators indicate a low concentration of congestion in these areas with
transport and logistics infrastructure and a low concentration of large trade, banking, social
and business structures.

Astana is characterized by a high concentration of traffic congestion and trade, banking,
social and government structures. For the Yesil district (1, 2, 3, 4, 7) the pole indicator is
4.78 and for the Almaty district (8, 9, 10, 11, 12) the pole indicator is 4.41. Thus, the analysis
shows that the left bank of Astana is oversaturated with commercial, educational, cultural,
and government structures and contributes to the formation of traffic congestion.

The moderate correlation between the capacity of the road transport network and
the average polarity of meso-districts, as shown in Figure 5, indicates that an increase in
the capacity of the transport network generally leads to higher polarity, i.e., improved
accessibility to infrastructure facilities. However, the average strength of this relationship
suggests that while transport capacity influences polarity, it is not the sole determining
factor. Other factors, such as population density, the distribution of logistic facilities, the
development of public transport, and other urban planning parameters, may also impact
polarity. This implies that enhancing the transport network contributes to, but does not
guarantee, a uniform increase in infrastructure accessibility across all districts.

The analysis of polarity indices reveals an uneven distribution of congestion across
meso-districts: a high concentration is observed in districts 1-4, 7, and 10; above-average in
districts 11-14; below-average in districts 5 and 6; and average in the remaining districts.
Thus, the city’s freight flows are predominantly directed from peripheral meso-districts
toward two main centers (line A-B and line A-D in Figure 6). This result was obtained
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International Highway (M36).
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under the existing road infrastructure and an average city driving speed of 25 km /h. The
highest concentration of flows is observed in the historical city center (point A) and near
the old railway station (point B).
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Figure 6. Layout of economic, social, institutional and environmental infrastructure facilities, where
A is the area of the historical center of Astana, B and C are the area of the old and new railway
stations, and D is the area of the airport. Note: WRTN—wholesale and retail trade network; CDC—
consolidated distribution center; WM—wholesale market; CFM—central food market; CMVF—
central market for vegetables and fruit; TSW—temporary storage warehouse; TLC—trade and logistic
center; SM—supermarket; TC/LC—transport company and logistic center.

The existing territorial structure and weak connectivity of transport networks have
led to the overloading of the city center’s road network and insufficient road capacity. The
traffic flow between central and peripheral districts does not exceed 2000 units per hour
(Figures 4 and 6), while movement from other meso-districts is significantly less intense.
One of the most pressing issues is the limited capacity of transport links between the right
and left banks of Astana, particularly between the left-bank meso-districts and the historical
city center (Figure 6).

This study revealed that weak connectivity of is one of the key challenges facing
Astana. The absence or low capacity of transport links exacerbates the load on central
districts, hindering their integration into urban agglomeration. Overload in certain areas
(meso-districts 3, 4, 10, 13, and 16) makes alternative routes inaccessible due to traffic
congestion or the lack of connecting roads (Figures 2 and 4), justifying the need for a
transition to polycentric development in Astana.

One of the most critical issues is the limited capacity of transport links between the
right and left banks of Astana, particularly between the left-bank meso-districts and the
historical city center (Figure 7). The situation is further exacerbated by the overlapping of
freight and passenger flows from the western part of the left bank and peripheral districts.
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Figure 7. Average daily speed of motor vehicles in the city core by map «https://yandex.kz/maps/
(accessed on 11 December 2024)»: V—average daily speed of movement of vehicles (km/h); © —
meso-districts with a high level of traffic congestion during rush hours (8.45-9.45; 12.40-13.45;
17.30-18.30 h).

Thus, the main priority vectors of strategic development of the city’s logistics infras-
tructure are the West-Center-East and Center-Right Bank directions.

The analysis of the data from Table 1 and Figures 4—6 enables the identification of
areas within the city that are either favorable or unfavorable for the further development of
transport and logistics infrastructure (TLI) facilities.

The uneven distribution of logistics facilities across the city’s meso-districts leads
to an inadequate increase in the volume of logistic flows in some meso-districts, where
there is a high density of infrastructure facilities, and a low density of placement in other
meso-districts of the city, which affects the congestion of city streets with traffic flows.

This research confirms the necessity of regulating the volume of goods entering the
city before reaching its boundaries and organizing an efficient distribution system through
the coordination of all participants in the logistic process, including the establishment of
trade and distribution centers.

The task of routing on the transport network is a key aspect of transport logistics. To
address this, Dijkstra’s algorithm [66] was utilized. For example, the calculation of the opti-
mal route between meso-districts is as follows: 1 — 21: the optimal path [1,3,4,16,18,20,21],
with a distance of 21.91 km. The total travel time is 52.2 min. This result is understand-
able given the current road congestion in the city. These findings are consistent with the
conclusions of study [52]. Based on this, it follows that when constructing or modernizing
existing transport and logistics infrastructure facilities in Astana, it is necessary to take into
account the directions and capacities of the city’s logistic flows.

1.  According to global practices, terminal complexes and logistic centers are typically
located outside major cities [1,3,5]. In Astana, it is advisable to position them beyond
the ring road, preferably on the outskirts near transport hubs. Optimal locations
include intersections of radial and ring highways of international significance, as well
as junctions of road and rail corridors [53].
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2. The construction of large multimodal terminal complexes is recommended at nodes
of the transport network with the highest concentration of freight flows. Optimal
locations include: (a) meso-districts 1, 2, and 3; (b) meso-districts 8, 9, and 12; and (c)
meso-districts 13, 16, and 18.

3. Large transfer points for public transport should be located at the junction of meso-
districts where the greatest number of passenger flows is observed: between meso-
districts 3,4 and 5; 10 and 11; 16 and 17; and 15, 20 and 21.

4. Large blocks in meso-districts should be divided into smaller streets through and
through. This will also help in the fight against traffic jams, i.e., large highways will
be relieved.

Based on the studied strategic directions of the development of the transport and
logistics infrastructure of the city, we propose: to establish river navigation on the Ishim
River as one of the urban modes of transport and for tourism purposes; construction of
two multimodal logistic centers for cargo handling and one information logistic center for
transport and logistic services for tourists; and increase the length of high-speed roads
of continuous movement, which will lead to a decrease in the average polarity indicator
of meso-districts of Astana from 4.1 to 3.9. Considering that the optimal value of this
indicator tends toward one, our proposal will contribute to improving the quality of the
transport and logistics infrastructure of the city and increasing the synergistic effect from
its implementation.

Furthermore, it has been confirmed that reducing the polarity of meso-districts can
positively impact the quality and accessibility of the city’s transport and logistics infras-
tructure by taking into account the multifaceted interconnections between meso-districts
and key indicators of logistic flows (Hypothesis 1).

The obtained results have enabled the identification of the most problematic meso-
districts in the city, the mapping of logistic flow directions, the determination of develop-
ment pathways for these meso-districts, and the planning of placement and development
strategies for transport and logistics infrastructure. These findings align with our Hypothe-
sis 2 and partially corroborate conclusions from the literature [30,47,50,52].

Thus, the conclusions of this empirical study are supported by our results, as well as by
findings from the literature analyzing the influence of various factors on the development
of urban or regional transport and logistics infrastructure (TLI):

- They ensure a balance between economic benefits, environmental sustainability, and
social convenience, thereby promoting the development of efficient urban logistics [5,64].

- They enhance the quality of urban planning the development of transport and logistics
infrastructure in the city’s outskirts, where meso-districts have weaker connections
with central areas, which can be approached comprehensively through various mea-
sures [54,59,60,65,68,69]. These measures include the development of public trans-
port; the implementation of intelligent transport systems (ITS); the establishment
of transport and logistic hubs; the promotion of non-motorized transport (bicycle
lanes, pedestrian routes, bike and e-scooter sharing systems); the decentralization
of urban functions (creating new business and cultural centers, tourist attractions
in the outskirts, and stimulating job creation in these areas); the development and
expansion of parking infrastructure; and the adoption of environmentally friendly
transport solutions.

- They reduce the gap in transport accessibility between the outskirts and the city
center [19], enhance population mobility and transport connectivity, and improve the
quality of life [24].
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- They stimulate the city’s economic development [37], create comfortable conditions
for both residents and tourists [38], and increase its attractiveness as a tourist destina-

tion [57].

The implementation of these measures will enable the city to become a major trans-
port, logistics, and tourism hub, as supported by the conclusions of studies advocating
for the creation of an integrated model combining transport, logistics, and tourism for
urban development.

This article contributes to the literature focused on assessing the impact of individual
meso-districts on the sustainability of transport and logistics infrastructure (TLI) devel-
opment. Furthermore, our study introduces a tool designed to measure the polarity of
meso-districts and evaluate its relationship with logistic flows using graph theory and
correlation analysis.

The prospects for enhancing the sustainability of TLI development and improving its
planning quality in the city should be based on the following principles:

1.  Close integration of socio-economic, environmental, and institutional entities with
TLI facilities at the meso-level of the city. This integration is essential for creating
functional land use and automatically identifying areas with improved transport
accessibility, which helps reduce costs for freight and passenger transportation.

2. Improving the efficiency of TLI operations in each meso-district, which should focus
on reducing costs and enhancing the quality of transport, logistics, tourism, trade,
and service offerings.

3. Modernization of existing or construction of new socio-cultural, industrial, envi-
ronmental, and institutional facilities as part of the transport and logistics market
infrastructure. This approach should leverage modern digital technologies and logis-
tic solutions to minimize the impact of various factors on the quality of transport and
logistic services and to better meet demand.

4. Development of TLI in areas of the city with low polarity. This strategy allows for the
consideration of the direction and capacity of urban logistic flows, enabling a more
effective response to changing consumer demands.

By implementing these measures, the city can achieve a more balanced and sustainable
development of its transport and logistics infrastructure, ultimately contributing to its
overall economic and social progress. These measures will help reduce the gap in transport
accessibility between the outskirts and the center, increase population mobility, improve the
quality of life and stimulate economic development on the outskirts of the city. Also, these
measures will not only stimulate the economic development of the city but also create more
comfortable conditions for the city’s population and tourists, increasing its attractiveness
as a tourist destination.

6. Conclusions

Based on this study utilizing elements of graph theory, proposals have been developed
for creating a conceptual framework for the development and placement of terminal
complexes and logistic centers to service freight, passenger, and tourist flows within the
Astana transport hub, taking into account the specificities of its development. The proposed
recommendations aim to optimize the city’s logistics infrastructure by modernizing existing
logistic facilities in conjunction with the overall plan for constructing new ones. This
approach will enhance the resilience of the city’s transport and logistics infrastructure and
enable the efficient utilization of integrated logistic flows.

The findings will facilitate the implementation of integrated policies aimed at improv-
ing the efficiency and sustainability of transport and logistics infrastructure (TLI). They will
also support the adoption of coordinated policies for measures to promote and stimulate
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TLI development, based on the polarity, priority, and impact of logistic flows on the quality
of life in urban areas.

This study does not account for limitations related to data quality, as the analysis
is based on expert and statistical indicators for a specific period without considering
dynamic changes. Future research could be enhanced by further exploring the multifaceted
relationships between meso-districts and key indicators of logistic flows, as well as between
the components of the TLI model and the polarity of meso-districts.

Subsequent studies should incorporate seasonal variations, integrate data from urban
sensors to improve accuracy, and conduct comparative analyses across different cities to
test the scalability of the model. Additionally, the adoption of modern digital technologies
for real-time decision-making should be considered to refine the approach and ensure its
applicability in diverse urban contexts.
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Appendix A

Table A1l. Initial data of experts’ assessment of the polarity of Astana city meso-districts.

Pole Number in Order Meaning of Average Polarity Indicators AVP Distribution of NBIO SE D SL
1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 E S I ECO
1 4 6 5 5 6 2 5 4 6 5 1 1 4 4 4 4 413 2 4 1
2 4 4 5 5 5 2 3 4 5 5 6 1 5 5 6 6 4.44 5 2 1 1 035 141 055
3 6 6 6 6 6 3 5 4 6 6 6 2 6 6 6 6 5.38 15 8 4 3 031 126 057
4 6 6 5 6 6 2 5 4 6 6 6 1 6 6 6 6 5.19 17 7 5 4 039 156 063
5 4 3 3 3 3 2 2 3 3 3 1 1 3 3 4 4 2.81 7 4 3 1 023 091 048
6 3 3 3 3 3 4 3 3 4 3 1 2 2 3 3 4 2.94 6 2 2 2 019 077 041
7 4 4 6 4 5 6 4 4 5 5 5 3 6 5 6 6 4.88 10 3 3 2 024 09 051
8 4 3 3 4 4 5 4 4 4 6 1 4 4 4 4 4 3.88 6 2 2 026 1.02 054
9 4 3 3 4 4 5 4 3 4 4 1 5 4 4 4 4 3.75 5 3 1 2 023 093 049
10 6 6 5 5 6 5 4 4 5 6 4 4 6 6 6 6 525 16 12 6 4 021 086 045
11 6 5 4 5 6 4 5 4 6 5 2 4 4 4 4 4 4.50 12 4 2 2 026 1.03 055
12 4 4 4 4 6 4 4 4 6 4 1 6 6 6 6 6 4.69 13 5 3 1 035 140 044
13 5 5 5 5 5 5 4 4 5 5 1 5 4 4 4 4 4.38 11 7 4 3 026 102 054
14 4 5 4 4 4 5 4 4 4 5 1 4 4 4 4 4 4.00 15 7 3 2 022 08 047
15 4 3 2 4 3 5 4 3 4 4 1 4 4 4 4 6 3.69 13 3 1 2 028 114 050
16 3 4 3 3 2 3 2 3 3 2 4 3 3 3 3 3 3.04 7 5 2 1 012 048 025
17 4 5 4 4 4 5 3 4 4 4 1 3 4 4 4 4 3.81 9 3 1 1 023 091 048
18 4 3 4 4 4 3 3 4 4 3 1 4 4 4 4 4 3.56 6 5 3 2 020 081 043
19 4 3 4 4 4 4 3 3 4 3 1 6 4 4 4 4 3.69 7 4 3 4 025 101 054
20 4 3 2 3 3 4 3 3 4 3 1 4 5 5 5 5 3.56 5 2 1 1 029 115 061
21 4 3 2 3 3 4 3 3 4 3 1 6 4 4 4 4 3.44 4 2 2 1 027 109 0.58
Average value 4.03 9.3 4.6 2.7 2

Note: (1) NBIO—the number of basic infrastructure objects (E-economic, S-social, I-institutional, ECO-ecological); AVP—average value of polarity (mean); SE—standard error;
SD—standard deviation (std.Dev); SL—significance level (SL) at p < 0.05%.
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Table A2. Correlation coefficients reflecting the relationships among the meso-districts of Astana.
Al A2 A3 A4 A5 A6 A7 A8 A9 Al0 All Al12 Al13 Al4 Al15 Al6 A17 A18 A19 A20 A21
Al 1.00
A2 0.36* 1.00
A3 0.60 ** 0.87 *** 1.00
A4 0.61** 0.86 *** 0.98 *** 1.00
A5 0.61 ** 0.53 ** 0.58 ** 0.59 1.00
A6 0.59 ** —0.03 0.02 0.01 0.55 ** 1.00
A7 0.05 0.53** 0.37 0.28 0.35 0.26 1.00
A8 0.25* —-0.28 -0.22 -0.19 0.33 0.58 0.05 1.00
A9 0.06 —0.52** —0.42 —0.42* 0.17 0.53 —0.04 0.80 *** 1.00
A10 0.46* 0.45* 0.58 ** 0.56 0.74** 0.34 0.54 0.34 0.25 1.00
All 0.73 *** —0.11 0.20 0.23 0.46* 0.54 ** —0.27 0.50 * 0.48 0.67 ** 1.00
Al12 0.28 —0.03 —0.04 —0.03 0.42% 0.41% 0.17 0.58* 0.70 0.45% 0.59 ** 1.00
Al3 0.50 ** —-0.39* -0.16 -0.21 0.36* 0.62** -0.15 0.68 ** 0.73 *** 0.34 0.75 *** 0.50 ** 1.00
Al4 0.46* —-0.37* -0.17 -0.19 0.41* 0.67 ** 0.00 0.80 *** 0.72 0.43 0.58 0.47* 0.87 *** 1.00
Al5 0.06 —0.19 -0.19 —0.15 0.39 0.66 ** 0.14 0.71** 0.80 *** 0.36 0.31 0.60 ** 0.45* 0.58 ** 1.00
Al6 —0.21 —0.08 -0.23 -0.27 0.31 0.30 0.20 0.19 0.41% 0.04 —0.07 0.44* 0.25 0.15 0.42 1.00
Al17 0.60 ** -0.14 0.01 -0.02 0.597 ** 0.74** 0.20 0.62** 0.57 ** 0.57 ** 0.53 ** 0.47* 0.79 *** 0.90 *** 0.52 ** 0.41 1.00
Al18 0.41* —0.05 —0.02 —0.03 0.60 0.48* 0.01 0.49* 0.64 ** 0.36 0.51** 0.81 *** 0.69 ** 0.55 ** 0.49* 0.65 ** 0.60 ** 1.00
A19 —0.02 —0.45* —0.42* —0.46* 0.15 0.31 —0.11 0.47* 0.83 *** 0.17 0.35* 0.77 ** 0.69 ** 0.51** 0.54 ** 0.61 ** 0.54 ** 0.79 *** 1.00
A20 0.03 —0.04 —0.06 —0.03 0.49* 0.42* 0.25 0.51** 0.69 ** 0.52* 0.19 0.82 *** 0.32 0.45* 0.80 *** 0.58 ** 0.49* 0.63 ** 0.62** 1.00
A21 —0.18* —0.52** —0.51** —0.48* 0.09 0.27 —0.19 0.53** 0.83 *** 0.16 0.27 0.75*** 0.49* 0.48* 0.71** 0.53** 0.35% 0.60** 0.85 *** 0.79 *** 1.00
Note: Calculated on the basis of expert assessment data, the correlation coefficient is significant at * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table A3. Initial data for calculating the poles and vectors of the graph by meso-districts of Astana,

in km.

1 2 3 4 5 6 7 8 9 100 11 12 1B 14 15 16 17 18 19 20 21
1 0 266 394 558 606 556 689 101 138 772 93 106 85 965 136 884 968 128 143 179 160
2 257 0 511 68 104 68 85 107 151 73 874 145 103 115 141 124 130 150 164 185 203
3 392 548 0 243 433 384 499 787 106 3.5 48 9.0 648 679 972 638 835 119 103 106 13.6
4 6.6 8.17 271 0 313 334 774 711 119 454 603 11.1 426 404 851 499 504 595 5.6 104 132
5 70 88 50 149 0 447 792 863 120 444 579 715 368 145 862 558 443 611 7.03 102 887
6 582 777 342 415 595 0 757 919 132 641 809 977 517 892 131 702 757 962 108 119 142
7 68 855 499 774 792 757 0 508 120 692 50 973 109 100 40 948 145 171 725 180 160
8 101 107 787 711 863 919 5.08 0 6.5 6.38 2.5 514 10.6 6.1 32 112 171 186 653 183 170
9 150 140 120 94 110 170 120 65 0 76 69 43 72 59 57 85 120 120 130 110 120
10 772 73 35 454 444 641 692 638 7.6 0 144 543 59 41 160 925 103 105 626 120 100
1 82 80 58 60 70 80 50 25 70 111 0 70 40 30 60 62 90 110 115 100 120
12 106 145 90 111 715 977 973 514 43 543 70 0 681 69 80 621 108 125 764 140 120
13 8.5 103 648 426 368 517 109 106 72 5.98 4.0 6.81 0 2.6 8.2 223 629 621 428 834 74
14 99 110 73 45 64 97 100 61 83 41 31 69 26 0 51 41 59 79 88 100 94
15 136 80 20 20 30 110 40 32 20 160 144 80 82 40 0 110 60 25 100 1.0 70
16 884 124 655 426 521 455 948 112 145 925 120 621 223 352 58 0 154 237 312 55 72
17 968 130 835 504 443 757 145 171 120 103 90 105 629 59 60 154 0 28 15 92 100
18 128 150 119 595 611 962 171 186 120 105 110 120 6.21 7.9 2.5 237 283 0 3.04 58 10.0
19 815 928 731 506 443 568 725 653 117 626 802 764 428 594 759 336 156 304 0 529 973
20 179 19 140 12 13 12 18 183 14 120 120 140 84 94 88 86 92 58 78 0 26
21 160 203 136 887 132 142 160 170 120 10 120 120 74 94 70 72 100 100 973 26 0
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